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Abstract 
 
This thesis aims to build on the current body of knowledge relating to the tertiary radiation 
contributions within an interventional radiology suite. An accurate estimation of tertiary 
radiation requires knowledge of the amount of patient-scattered radiation incident onto the 
concrete ceiling (the patient-scattered air kerma) and the fraction of the radiation incident on 
concrete that is scattered back towards the point of interest (the concrete-scattered air kerma). 
Evaluating the concrete-scattered air kerma incident on staff per unit Dose Area Product 
(DAP) incident on the patient, is near impossible during clinical use. Difficulties in 
measuring the concrete-scattered air kerma per unit DAP arise from the small fluence of X-
rays emerging from the concrete ceiling along with the presence of the false ceiling and 
facilities typically mounted within the ceiling space (air conditioning ducting etc). These 
difficulties require that the tertiary radiation within an interventional suite be replicated 
experimentally. To this end, the X-ray spectra of patient-scattered radiation that would 
typically be incident on a concrete ceiling within an interventional suite was measured using 
an Amptek X-123 spectrometer. The X-ray spectra of a large number of primary X-ray beams 
(varying kVp and filtration) were also measured. The primary X-ray beams whose X-ray 
spectra most closely resembled that of the patient-scattered X-rays for a given scattering 
angle were identified and used as the source of X-rays incident onto a concrete block. These 
primary X-ray beams that replicated the patient-scattered X-rays enabled the measurement of 
X-rays scattered off a concrete block for a wide range of geometries and scenarios, 
subsequently allowing quantification of the concrete-scattered air kerma per unit DAP. 
Furthermore, the X-ray spectra of the concrete-scattered X-rays was also measured to gain 
further insight into the tertiary radiation contributions to interventional staff.  
For completeness, the patient-scattered air kerma present within an interventional suite under 
typical clinical conditions was also investigated experimentally. This investigation was 
undertaken to build upon existing literature which fails to account for relevant clinical aspects 
such as the patient support and variable X-ray tube angles incorporated within interventional 
procedures. 
This thesis successfully provides improved knowledge of tertiary radiation within an 
interventional radiology suite. Empirical equations for the estimation of the patient-scattered 
air kerma per unit DAP as well as the concrete-scattered air kerma per unit DAP have been 
vii 
 
developed for typical clinical interventional conditions. The empirical equations developed 
allow for the accurate estimation of the tertiary radiation contributions to interventional staff. 
This work is not restricted by the assumptions and subsequent limitations made within the 
existing literature. In addition, the X-ray spectra scattered from the patient as well as that 
scattering from the concrete was measured. These findings will assist in the understanding of 
the characteristics of the patient-scattered and tertiary radiation within a clinical 
interventional suite. 
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Chapter One 
Introduction 
Interventional radiology is a specialist area of medicine that utilises real time imaging to 
diagnose and treat many conditions and diseases. Some interventional radiology procedures 
include angioplasty, angiography, stenting, nephrostomy and percutaneous coronary 
intervention (PCI) to name a few. Ionising radiation in the form of X-rays is the most 
prevalent means of obtaining the real time imaging required for interventional guidance. 
Ionising radiation is a known carcinogen, as such, its use within interventional radiology 
brings risk to both the patient being imaged and the staff who work in and around the 
interventional radiology suites 1,2,3,4,5,6.  A recent study has suggested that interventional 
radiologists have an elevated risk of Glioma, a form of brain cancer, when compared to that 
of the general public 7. These recent findings have caused concern within the field.  
The vast majority of radiation exposure to staff, both internal and external to an 
interventional radiology suite, is from X-rays scattered by the patient 8,13,14,15,16,17,18. 
Conventional radiation protection methods for staff working inside the suite (covered in 
detail in Chapter Two) are effective at reducing the occupational exposure from the direct 
patient-scattered radiation 9. Staff exposure from scattered radiation that further scatters from 
objects such as concrete ceilings (called tertiary radiation) has long been assumed to be 
negligible within diagnostic energy ranges and is subsequently not shielded against 1,10,11,12. 
Figure 1.1 illustrates tertiary radiation within an interventional radiology suite. 
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Figure 1.1 - Tertiary radiation within an interventional radiology suite. This image remains 
the copyright of Siemens Healthineers. Permission to reproduce this image has been obtained 
from Siemens Healthineers. 
The occupational radiation exposure of interventional radiology staff is measured and 
monitored using Personal Radiation Dose Monitors (PRDM’s). Staff are typically issued two 
PRDM’s, one worn on the collar and the other on the waist under their lead gowns. PRDM’s 
are very effective at measuring the radiation directly incident on them, however they suffer 
from angular dependency 13. This angular dependency is expected to result in questionable 
measurement of the contributions from tertiary radiation, especially the ceiling. Considering 
this shortcoming along with the suggestion of increased brain cancer incidence, the ability to 
accurately estimate the amount of tertiary radiation incident on interventional staff members 
becomes increasingly important.   
Tertiary radiation is not only of concern to staff within the suite. Until very recently, the 
assumption that tertiary radiation contributions were negligible had also extended to the 
calculation of wall shielding barriers 10,11,12. Protection of people external to a suite from the 
direct patient-scattered radiation typically only requires wall shielding to extend to a height of 
approximately 2.1 m (door height). Because the shielding does not extend from floor to 
concrete ceiling slab above (typically separated by 4 m), staff external to the suite are not 
shielded from tertiary radiation originating from the ceiling. 
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Tertiary radiation contributions have also been ignored for another high dose rate imaging 
modality, namely Computed Tomography (CT) 10,11,12. Recent investigations have shown that 
staff external to CT suites may receive radiation exposures from tertiary radiation that are not 
trivial and can no longer be ignored 14,15. Subtle differences between the imaging modalities 
dictate that tertiary radiation contributions from CT are not directly relatable to fluoroscopy, 
the imaging modality used in a conventional interventional radiology suite. Unlike CT which 
consists of an X-ray tube rotating through a fixed circular gantry in a single plane, 
fluoroscopic imaging is possible at any angle in all three dimensions. The ability to aim a 
fluoroscopic X-ray tube at any three-dimensional angle adds a level of complexity to the 
estimation of the patient-scattered radiation to any point in a room, including the ceiling. A 
further level of complexity becomes apparent when the greater variety of beam filtration 
options are also allowed for 16.  
1.1 Problem Statement 
 
Current radiation shielding implements used by interventional staff do nothing to protect 
them from tertiary radiation. Even shielding implements such as the No Brainer ®, a device 
specifically designed to protect the heads of interventional staff members from radiation 
exposure, does not offer any protection from tertiary radiation originating from the ceiling. A 
robust and accurate means of estimating tertiary radiation contributions to staff internal as 
well as those external to an interventional radiology suite is required. 
The estimation of the tertiary radiation contributions from fluoroscopic imaging was recently 
reported using numerous assumptions 8. Three of these assumptions include: 
i. The X-ray tube angle does not affect the amount of patient-scattered radiation for a 
given scattering angle, 
ii. All radiation incident onto the ceiling is incident at an angle of 45o, 
iii. The spread of X-ray energies (the X-ray spectra) remains consistent, regardless of the 
angle of scatter from the patient being considered. 
These three assumptions lead the existing body of work to be more applicable to specific X-
ray tube and room configurations. Assumption two for example, is more relevant if 
attempting to calculate the tertiary radiation component to areas external to a suite and less 
relevant to those internal. The assumptions also fail to allow for the variation of X-ray spectra 
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with scattering angle for the X-rays incident on the concrete ceiling, a phenomenon that has 
been well documented 17,18. 
Current literature pertaining to tertiary radiation within an interventional radiology suite does 
not allow for clinically relevant factors such as the variation of X-ray tube angle, the spread 
of X-ray energies scattering off the patient or the range of incident angles that X-rays are 
incident on the concrete. These factors are expected to have a considerable effect on the 
amount of tertiary radiation calculated for a given scenario. Accurate estimation of tertiary 
radiation contributions from an interventional radiology suite requires these factors to be 
investigated and the current body of knowledge expanded on.  
1.1 Thesis Aims  
 
The aim of this thesis is to generate empirical equations that allow for the accurate estimation 
of tertiary radiation components under typical clinical conditions within an interventional 
radiology suite. This aim will be completed by addressing the assumptions and resulting 
limitations within the existing literature and building on the current body of knowledge 8,16. 
The investigation will be separated into two distinct sections. The first section involves the 
measurement of X-ray spectra originating from the patient as well as a concrete ceiling. The 
second section addresses the measurement of scattered air kerma from both the patient and 
concrete ceiling within an interventional radiology suite.  The results obtained within this 
work will allow for accurate estimation of tertiary radiation contributions to staff members 
internal as well as external to an interventional radiology suite.  
1.2 Thesis Overview 
 
This thesis reports on the measurement of X-ray spectra typically encountered within a 
clinical interventional radiology suite as well as the measurement of water phantom and 
concrete-scattered air kerma. The measurement of both water phantom and concrete-scattered 
air kerma form the basis of tertiary radiation estimations. The outcomes of this thesis are 
presented in three separate chapters, these being Chapters Four, Five and Six. Chapter 4 
covers an in-depth investigation into the X-ray spectra typically encountered within a clinical 
interventional suite. Three unique experimental scenarios are reported on, however it was 
decided to amalgamate them all into a single chapter. This was not the case for the 
investigations of the water phantom and concrete-scattered air kermas. The findings for both 
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the water phantom and concrete-scattered air kermas are currently being finalised for 
individual submissions to the journal Physica Medica. As such, it was decided that these two 
investigations would be best presented as two unique chapters.  
Overall, this thesis consists of six chapters. An overview of chapters two through six is given 
below. 
Chapter Two consists of a literature review which introduces many topics relevant to this 
work. Chapter Two begins with a general introduction to the field of interventional radiology 
and its importance within modern medicine. A modern interventional radiology suite is 
introduced and the main component, the fluoroscopic imaging system, is covered in some 
detail. Section 2.2 discusses the various sources of radiation present within an interventional 
radiology suite. Of special importance are secondary and tertiary radiation which are central 
to this works overall topic of investigation. Chapter two concludes with an introduction to 
conventional radiation protection measures for staff internal and external to a clinical 
interventional radiology suite.  
Chapter Three outlines the materials used to successfully complete this investigation. A 
separate materials section is presented because many of the experimental apparatus are used 
in multiple experiments in different chapters. Amalgamating the materials into a single 
chapter subsequently alleviated repetition. The actual methodology employed is reported in 
the relevant chapters.  
Chapter Four represents the work completed relating to the measurement of X-ray spectra 
within an interventional radiology suite. Following a brief introduction, three unique 
experimental scenarios are introduced. The three experimental scenarios relate to the 
measurement of primary beam X-ray spectra and subsequent verification with SpekCalc, the 
measurement of patient-scattered X-ray spectra and subsequent replication with primary X-
ray beams and lastly, the measurement of concrete-scattered X-ray spectra typically 
encountered within an interventional radiology suite. 
Chapter Five reports on the estimation of patient-scattered air kerma within an interventional 
suite. It builds on the existing body of knowledge which to date, does not allow for the effects 
of the patient table/mattress or the variation of X-ray tube angle during an interventional 
procedure 16,19. Chapter Five results in the formation of empirical equations that allow the 
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accurate estimation of the patient-scattered air kerma incident on a concrete ceiling, the first 
step in an accurate tertiary radiation estimate. 
Chapter Six is the final chapter of the thesis and reports on the estimation of the concrete-
scattered air kerma. Estimating the concrete-scattered air kerma is the last step in accurately 
estimation tertiary radiation contributions within an interventional radiology suite. Within 
Chapter Six, results from Chapter Four are used in order to accurately replicate the patient-
scattered radiation typically incident on a concrete scatterer, something not believed to have 
previously been undertaken within the existing literature. Chapter Six results in the formation 
of empirical equations that allow the estimation of concrete-scattered air kerma within an 
interventional suite. 
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Chapter Two 
Overview of Interventional Radiology 
Interventional radiology is a specialised area of medicine that utilises real time imaging to 
diagnose and treat a range of conditions and diseases. Procedures performed with 
interventional image guidance have the advantage of being minimally invasive, making them 
an ideal alternative to open or laparoscopic surgery. These advantages have led to a steady 
increase in the use of interventional procedures worldwide 20. The dramatic growth of 
interventional radiology is demonstrated by a recent study undertaken in Poland that shows a 
sevenfold increase in therapeutic Percutaneous Coronary Intervention (PCI) procedures 
performed between the years of 1997 and 2009 20.  
The most common imaging modalities used in interventional radiology are fluoroscopy, CT, 
ultrasound and MRI. MRI offers exceptional soft tissue contrast at the expense of slow image 
acquisition and the requirement of special non-ferrous instruments that do not interact with 
the large magnetic field within the imaging room. Ultrasound is an inexpensive option that is 
affected by poor performance at large tissue depth. CT and Fluoroscopy use ionising 
radiation (in the form of X-Rays), however have the advantage of exceptional geometric 
accuracy and very fast image formation. It is for these reasons that despite the radiobiological 
risks associated with the use of ionising radiation, CT and fluoroscopy are still the most 
commonly utilised imaging modalities within interventional radiology. 
This work is focused on the use of X-ray fluoroscopy within the field of interventional 
radiology and as such, will be directly relatable to two interventional suites found in most 
large hospitals. The two interventional suites of relevance to this work are: The Cardiac 
Catheter Laboratory (CCL) and The Digital Subtraction Angiography Laboratory (DSA Lab).  
2.1 The Interventional Radiology Suite 
The procedures undertaken within the various interventional suites and even the areas of 
anatomy being imaged within them can be vastly different. Despite these differences, the 
fluoroscopic imaging equipment used is almost identical.  Figure 2.1 shows a Siemens Artis 
Zee Fluoroscopic System (Siemens Healthineers, Erlangen, Germany) similar to that used 
throughout this work. 
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Figure 2.1 - A fluoroscopic imaging system at The Townsville Hospital, QLD. 
  
There are four main components to a fluoroscopic imaging system which have been labelled 
A through D in Figure 2.1.  
Letter “A” denotes the patient support which is colloquially referred to as “The Table”. The 
patient is positioned on the table for the duration of the procedure, most commonly in the 
supine (face up) position however this can be switched to prone (face down) should the 
procedure require. A prone positioning may be necessary for procedures such as a Spinal 
Angiography which would be performed within a DSA lab. The table itself is made of a 
strong yet radiolucent material, often carbon fibre. Carbon fibre is used to allow for large 
patient weights as well as the potential forces applied during CPR if required. On top of the 
table is a radiopaque mattress for patient comfort. Previous measurements taken by the author 
indicate a primary beam attenuation factor for the Siemens wide body table to be of the order 
of 20 to 30% for an 85 kVp primary X-ray beam with additional copper filtration ranging 
from 0 mm to 0.9 mm respectively. These factors apply to a primary beam originating from 
an X-ray tube directly underneath the centre of the table. 
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Letter “B” of Figure 2.1 denotes the X-ray tube which is the source of the primary X-ray 
beam. A thorough explanation of the workings of an X-ray tube is beyond the scope of this 
thesis, however the interested reader is encouraged to seek one of many available relevant 
texts. The Essential Physics of Medical Imaging by J.T Bushberg et al is highly 
recommended 21. 
Letter “C” denotes the image receptor which is responsible for converting incident X-rays 
into a digital image. The X-ray tube and image detector are joined via an armature commonly 
referred to as the “C-arm”. Linking the two together in this way assists with ensuring the 
primary X-ray beam produced by the X-ray tube is fully intercepted by the image detector.  
Within modern day interventional suites, the fluoroscopic imaging system will utilise a 
digital image receptor. A digital image receptor converts photons incident on individual 
detector elements into a digital signal. This digital signal is processed and subsequently 
converted into an image. The overall size of the digital image detector is highly dependent on 
the procedures being conducted. It is very typical for the image detector used within a CCL to 
be a maximum of 25 cm (a square, flat panel detector with a 25 cm diagonal length). A 25 cm 
field size is more than capable of imaging the heart, however procedures performed within a 
DSA Lab may require a flat panel detector as large as 48 cm.  
Letter “D” of Figure 2.1 denotes the controls of the fluoroscopic unit utilised by the 
interventional radiologist and other support staff. From this position, the interventional 
radiologist has total control of the fluoroscopic system from adjusting the table height and 
position, to the angulation of the C-arm as well as image detector position. The rotation of the 
C-arm is isocentric, meaning that it occurs around a fixed point called the isocentre. 
Isocentric rotation ensures that as long as the anatomy of interest is positioned at the 
isocentre, any rotation of the C-arm will continue to result in the imaging of the desired 
anatomy. Isocentric rotation also results in the X-ray tube remaining a fixed distance from the 
isocentre during rotation. This fixed distance was utilised heavily during the subsequent 
experimentation performed throughout this work. 
2.2 Sources of Radiation Within an Interventional Radiology Suite 
 
Ionising radiation in the form of X-rays is used to produce images of the internal anatomy of 
patients during interventional fluoroscopic procedures. All X-rays within an interventional 
radiology suite are created within an X-ray tube. Depending on the interactions these X-rays 
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undergo, they will ultimately be classified as one of three radiation types. The three radiation 
types are considered three separate sources of radiation and are referred to as primary, 
secondary and tertiary radiation.  
2.2.1 Primary Radiation 
Within diagnostic imaging, primary radiation (commonly referred to as the primary X-ray 
beam or just primary beam) defines a shaped beam of X-rays incident on the patient for the 
purposes of creating a diagnostic image. Primary radiation consists of Bremsstrahlung 
radiation as well as characteristic X-rays generated by the X-ray tube which have undergone 
some level of filtration. Primary beam X-rays generated inside an X-ray tube undergo 
collimation to ensure that they are only incident on the object being imaged and are shaped to 
be within the extent of the image detector. Inside a fluoroscopic interventional radiology 
suite, primary radiation will only be of direct concern to the patient undergoing imaging and 
will not be incident on staff. Due to appropriate collimation of the primary beam, primary 
radiation that makes it through the patient will be fully absorbed by the image detector. 
2.2.2  Secondary Radiation 
Secondary radiation is the term used to define both the leakage and scattered radiation 12. 
Leakage radiation refers to X-rays produced within an X-ray tube in directions not aligned 
with the primary beam that are able to penetrate the protective casing of the X-ray tube 12. 
The amount of leakage radiation is highly dependent on the thickness of attenuating material 
surrounding the X-ray tube, the peak X-ray tube voltage (kVp) and the number of X-rays 
produced (directly related to the X-ray tube current and exposure time) 12. The X-ray tube 
leakage contributes to the exposure of all staff/areas surrounding the X-ray tube not in the 
direction of the primary beam. The amount of leakage radiation produced by an X-ray tube is 
generally tested as part of an X-ray unit’s regular compliance with the appropriate radiation 
legislative body. Failure to meet strict X-ray tube leakage limits will result in the inability for 
the X-ray tube to be used clinically. Generally speaking, the fluence of leakage radiation is 
less than that of scattered radiation by an order of magnitude 8. 
Although leakage radiation is of concern, the majority of radiation exposure to staff/areas not 
within the primary beam is attributable to scattered radiation 8,13,14,15,16,17,18. Scattered 
radiation is another form of secondary radiation that refers to primary beam X-rays that have 
undergone scattering interactions (either elastic or inelastic) which cause a change of 
direction and probable energy loss. Primary beam X-rays that undergo scattering interactions 
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are of the greatest concern to staff working in and around diagnostic imaging              
facilities 8,13,14,15,16,17,18. A comprehensive understanding of secondary radiation is of the 
utmost importance when attempting to minimise staff exposure in and around interventional 
radiology suites. This is due to the large X-ray workloads produced, along with the close 
proximity of staff to the source of scattered radiation, the patient. 
The calculation/estimation of the scattered radiation exposure to interventional staff is well 
studied, 8,12,16,19,22. Most of the literature reporting on occupational doses within an 
interventional radiology suite is only relevant to particular procedures being undertaken 
and/or specified conditions 9,20,23,24. A more general approach linking the output Dose Area 
Product (DAP) from an X-ray tube to the patient-scattered air kerma at a particular scattering 
angle was published by J.R. Williams 19. Within this work, an anthropomorphic phantom was 
positioned upright on a table and irradiated with primary X-ray beams of 5 varying kVp’s (no 
filtration applied). The patient-scattered air kerma was measured for scattering angles of 30o 
through to 150o, in 30o increments. The ratio of patient-scattered air kerma per input DAP 
(referred to as the Scatter Factor, S) was subsequently evaluated at each scattering angle. The 
coefficients from the fourth order polynomial fit between S and the angle of scatter for each 
kVp were reported. A subsequent investigation carried out by Sutton et al reported on the 
effect that large values of beam filtration have on the original patient-scattered air kerma 
figures reported by J.R. Williams 16. The investigation by Sutton et al was effectively a 
recreation of the original work by J.R Williams, however for a single X-ray beam of 85 kVp 
with various levels of copper filtration applied. Although many copper thicknesses were 
investigated, 0.6 mm is reported as being typical for clinical fluoroscopic use 16. It was 
reported that the addition of copper filtration resulted in a significant increase in the patient-
scattered air kerma per unit DAP. It was concluded that applying a corrective multiplication 
factor of 1.6 to the original J.R. Williams scatter factors would satisfactorily allow for the 
inclusion of 0.6 mm of copper filtration into the primary beam 16.  
The ratios of patient-scattered air kerma to DAP as a function of scattering angle contained 
within the Williams and Sutton et al papers are still being utilised by the British Institute of 
Radiology when considering the radiation shielding requirements for interventional radiology 
suites 22. When considering the shielding requirements for interventional radiology suites, the 
contribution from X-ray tube leakage is generally neglected since its fluence is at a 
maximum, an order of magnitude less than that of the patient-scattered radiation 8. 
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 2.2.3 Tertiary Radiation 
Tertiary radiation is a form of radiation that has traditionally been ignored within the realm of 
diagnostic radiology 1,10,11,12. Tertiary radiation refers to secondary radiation (scatter and 
leakage) that undergoes further scattering interactions. While scattered radiation almost 
entirely refers to X-rays being scattered from a patient, tertiary radiation can originate from 
virtually any source within a diagnostic imaging facility. Tertiary radiation has always been 
assumed to be a negligible contributor to staff exposure within the range of diagnostic X-ray 
energies. Application of factors reported in recent studies have shown that the tertiary 
radiation contributions in and around CT suites can be substantial for particular room 
geometries 14,15. Tertiary radiation contributions from concrete ceilings and floors are of 
special relevance to interventional radiology. The use of concrete for floor/ceiling materials is 
generally required in interventional radiology suites due in part to installation and mounting 
requirements.  
Estimation of the tertiary radiation from concrete ceiling slabs is currently a combination of 
three works 8,16,19. The patient-scattered air kerma reaching the concrete ceiling is first 
estimated using the ratio of patient-scattered air kerma to DAP as a function of scattering 
angle from the works of J.R Williams and/or Sutton et al 16,19. From there, the ratios of 
concrete-scattered air kerma per unit DAP reported in Martin et al are used to estimate the 
tertiary radiation contribution to staff within/outside the suite 8. The work of Martin et al is 
based on many assumptions regarding the beam quality and incident angle of X-rays onto the 
concrete. Concrete scatter factors within Martin et al were derived for a number of concrete 
emergent angles, assuming that the incident X-rays were always incident at 45o and were well 
represented by primary X-ray beams with no filtration. 
2.3 Conventional Radiation Protection Methods 
 
Radiation safety legislation (which includes occupational exposure limits) vary between 
countries and often between states or provinces within these countries. Despite this, the 
principle of “As Low As Reasonably Achievable” (ALARA) is universally accepted. 
ALARA is a radiation safety concept that demands that exposure to ionising radiation always 
be kept as low as reasonably possible. ALARA comes from the somewhat controversial 
Linear No Threshold (LNT) model of radiation protection that assumes that any exposure to 
ionising radiation carries with it an inherent risk of cancer formation. In keeping with the 
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ALARA principle, great effort (and expense) goes into minimising the occupational exposure 
of interventional staff.  
2.3.1  Protecting Occupants Within the Interventional Radiology Suite 
The protection of staff working within an interventional radiology suite from all sources of 
ionising radiation is paramount to reducing their stochastic risk of developing cancer. Staff 
are educated about the importance of minimising their time in close proximity to radiation 
sources as well as the importance of maintaining maximum distance from them. Larger 
radiation doses to the patients also result in larger occupational doses to staff members, a fact 
that illustrates the importance of minimising the radiation dose to patients. Within an 
interventional radiology suite, the ALARA principal is achieved using highly attenuating 
material, strategically placed between the patient and staff members. A typical clinical setup 
is shown in per Figure 2.2.  
 
Figure 2.2 - Shielding implements for staff inside an interventional radiology suite. 
This image remains the copyright of Siemens Healthineers. Permission to reproduce 
this image has been obtained from Siemens Healthineers. 
 
As previously mentioned, the majority of staff exposure inside an interventional radiology 
suite originates as scattered radiation from the patient 8,13,14,15,16,17,18. Attenuating materials are 
placed between the patient and staff since the patient is the primary source of scattered 
radiation. This is demonstrated in Figure 2.2. A pull-down lead equivalent screen is shown at 
head height, as are the lead equivalent drapes positioned to protect the lower extremities and 
groin region. The pull-down lead equivalent screen is used to shield the radiologist from 
patient-scattered radiation, however this shield offers no protection from tertiary radiation 
originating from the ceiling. What is less obvious are the lead apron (worn under the scrubs) 
and thyroid shield which are normally mandatory requirements for staff entering an 
interventional radiology suite. In addition to this, shin-guards, lead equivalent eye wear and 
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even lead equivalent caps such as the “No Brainer ®” are often incorporated to further 
minimise occupational exposure. Protective devices such as the No Brainer ® shown in 
Figure 2.3, are a great example of the disregard for tertiary radiation exposure to 
interventional staff.  
 
Figure 2.3 - A No Brainer ® cap (manufactured by Worldwide Innovations & 
Technologies, Inc. www.radpad.com) consisting of lead equivalent material designed 
to shield the forehead and temples. No attenuating material is present on the top or 
rear of the head. 
Protective devices such as the No Brainer ® afford some reduction to the amount of direct 
patient-scattered radiation incident on the front and side of the head. As the lead equivalent 
material does not extend to cover the top or rear of the head, they offer no protection against 
radiation originating from the ceiling.  
The combination of all previously mentioned radiation shielding implements do a great job at 
reducing the direct patient-scattered radiation incident on staff members inside the suite. 
Figure 2.2 also demonstrates however, the lack of protection offered against any tertiary 
radiation originating from the ceiling. This lack of shielding from tertiary radiation coupled 
with the elevated incidence of brain cancer among interventional radiologists has prompted 
further study in this field.  
2.3.2  Protecting People Exterior to the Interventional Radiology Suite 
The areas surrounding an interventional radiology suite will generally be occupied by staff 
and members of the general public. As such, the radiation exposure in these areas must be 
kept below an acceptable level. Like the exposure to staff within the suite, the radiation 
incident on the walls, floor and ceiling is almost entirely composed of secondary radiation 
scattered by the patient. The reduction of this secondary radiation to the surrounding areas is 
achieved using highly attenuating materials, predominantly lead and/or concrete. The ceiling 
and floor of an interventional radiology suite is most commonly constructed from concrete 
(density of 2.35 g/cm3). Concrete ceilings and floors are usually 200 to 300 mm thick which 
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generally provides adequate shielding for the areas immediately above and below. Shielding 
of the walls and doors is normally achieved using lead, the thickness of which is determined 
by the X-ray workload inside the room along with the distance from the source. With 
knowledge of the primary X-ray workload inside the suite (normally specified by DAP), the 
amount of secondary radiation reaching the surrounding areas can be estimated 16,19. Once the 
level of unattenuated radiation in each of the surrounding areas is known, the attenuating 
properties of lead at particular X-ray energies can be used to calculate the thickness of lead 
required to reduce the radiation to an acceptable level 25.  
It is a common misconception that the attenuating materials in walls/doors in diagnostic 
imaging facilities extend fully from floor to concrete ceiling above. In reality, shielding 
barriers in the walls and doors are only designed to shield the external occupants from 
secondary radiation directly incident from the patient (scatter) and X-ray tube (leakage) 12. As 
such, the lead lining will usually only extend to a height of 2.1 or 2.4 m above the finished 
floor level. In a typical scenario where there is 4 m between the floor of one level to the floor 
of the next, this leaves as much as 1.9 m of unshielded wall/door between the top of the lead 
shielding and the bottom of the concrete ceiling. This gap in shielding material has been 
shown to allow non-trivial amounts of secondary radiation to be scattered off concrete 
ceilings towards occupants in areas external to CT rooms 14.  
2.3.3  Cancer Incidence Among Interventional Staff 
In recent years, new studies relating occupational X-Ray exposure to increased lifetime risk 
of brain cancer have triggered concern among interventional radiologists 7. The nature of 
interventional radiology requires health professionals (interventional radiologist/cardiologist, 
radiographer and nursing staff to name a few) to work in close proximity to the patient 
undergoing fluoroscopic imaging. During fluoroscopic imaging, staff are unlikely to be 
exposed to the primary beam, however exposure to leakage from the X-Ray tube and 
scattered X-rays resulting from interaction of the primary beam with the patient is 
guaranteed. The interventional radiologist is typically closest to these forms of secondary 
radiation and is thus susceptible to high occupational doses 26. Staff within the suite and on 
the other side of shielding barriers are also subjected to tertiary radiation originating from the 
ceiling 8. Historically, tertiary radiation within the realm of diagnostic imaging has been 
considered of negligible relevance. It is only in recent years that new studies have shown that 
contributions from tertiary radiation within CT and fluoroscopy suites can no longer be 
ignored 8,14.  
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Chapter Three 
Materials 
This chapter outlines the experimental materials used throughout this work. The methodology 
followed within each experiment is outlined within each relevant chapter. 
3.1 Source of X-rays 
All studies undertaken within this work were performed in a Bi-plane Cardiac Catheter 
Laboratory located at The Townsville Hospital, North Queensland, Australia. The 
fluoroscopy unit shown in Figure 2.1 is referred to as a single plane unit. The term single 
plane refers to the presence of a single X-ray tube/Image detector combination. Bi-plane units 
are commonly used in Electrophysiology (EP) Labs, however their use in DSA is also on the 
rise. EP Labs are special interventional radiology suites used to perform testing of the hearts 
electrical system. EP studies routinely require simultaneous imaging of the heart at two 
different projections. This is achieved by utilisation of a second X-ray tube/Image Detector 
mounted in the lateral plane as shown in Figure 3.1. 
 
Figure 3.1 - Bi-Plane fluoroscopic unit at The Townsville Hospital, QLD. 
On a Bi-plane unit, the two planes are referred to as the A and B planes. The A plane refers to 
the X-ray tube/Image detector that is typically floor mounted and is primarily used for image 
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acquisition in the vertical plane. The B plane is typically ceiling mounted and used primarily 
for horizontal projections. Throughout the majority of experiments undertaken within this 
body of work, the A plane of a Siemens Artis Zee (Siemens Healthineers, Erlangen, 
Germany) was used as the source of X-rays. The Artis Zee system incorporates a Megalix X-
ray tube capable of generating X-ray tube currents of 800 mA at a peak X-ray tube potential 
of 125 kVp.  
When used clinically, interventional fluoroscopic units (such as the Artis Zee) control the 
imaging parameters (peak X-ray tube voltage, X-ray tube current, exposure time and 
filtration) automatically in real time. This automatic control (sometimes referred to as 
Automatic Brightness Control or ABC) is essential for maintaining diagnostic imaging 
quality using the lowest possible dose output from the X-ray tube. The automatic exposure 
mode is less than ideal when attempting to utilise the X-ray tube as a consistent and 
reproducible source of X-rays for experimentation. For this reason, the Siemens service 
control menu was used to generate controlled X-ray exposures in the acquisition mode. The 
service menu was used as it allows reproducible control over many beam parameters 
including peak tube voltage (kVp), exposure time (mS), X-ray tube current (mA) and added 
beam filtration (mm of Cu). The inherent filtration of the A-plane X-ray tube is recorded in 
the service manual as being 2.5 mm of aluminium. One consequence of using the service 
menu is the inability to alter the field size of the output X-ray beam. Using the service menu 
to generate a controlled X-ray output consequently results in a fixed field size of 10 cm at 
120 cm Focus to Image Detector (FID) distance. The A plane was predominantly used as the 
source of X-rays however the use of the B-plane as a mounting device for experimental 
apparatus was instrumental in the acquisition of experimental data. The use of the B-plane in 
this way was important for two main reasons: 
1) The B plane can be rotated and positioned at any angle around the isocentre. This 
makes positioning of experimental apparatus at multiple measurement angles both 
accurate, reproducible and quick, 
2) The B plane (like the A plane) is designed to rotate iso-centrically. This is extremely 
advantageous when the distance from the isocentre and the point of measurement 
must be known with a high degree of accuracy and reproducibility. Iso-centric 
rotation of the B-plane means that the distance between isocentre and the point of 
measurement is not altered as the B-plane is rotated, thus minimising any distance 
related influence on the measured data. 
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The constancy of the measured X-ray tube output (combination of X-ray tube output and 
Radiography/Fluoroscopy (R/F) meter used throughout this work) was evaluated for 20 
exposures at 85 kVp, 800 mA, 100 mS and 0.6 mm of copper filtration. The coefficient of 
variation of the measured X-ray tube output was calculated to be 0.05%, indicating a very 
stable combination of dose output from the X-ray tube and reproducibility of the R/F meter 
used (see section 3.4).  
3.2 Patient-Equivalent Water Phantom 
Much of the experimentation carried out in this work relates to the X-rays scattered off a 
patient. To achieve these measurements, a Siemens (Siemens Healthineers, Erlangen, 
Germany) 300 mm diameter water phantom was used as a patient-equivalent scattering 
material. This particular water phantom is typically used as a Computed Tomography (CT) 
body water phantom, however was ideal for use within this work. The phantom consists of a 
300 mm diameter, 200 mm long perspex cylinder which is filled with water as seen in Figure 
3.2. 
 
Figure 3.2 – Siemens 300 mm diameter water phantom used as a patient-equivalent 
scatterer. 
The predominant field size used throughout this work (10 cm at 120 cm FID) was utilised due 
to this being the fixed field size used by the Artis Zee unit while in service mode. This field 
size, along with the positioning of the water phantom at isocentre, ensured that the primary 
X-ray beam was always fully intercepted by the water phantom. Throughout all experiments, 
the curvature of the perspex and water phantom was aligned perpendicularly to the length of 
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the bed. This positioning was used to ensure that the curvature of the water phantom aligned 
with that of a patient lying on the bed. This resulted in the transverse plane always being the 
plane of measurement. The cylindrical shape of the water phantom would be less than ideal if 
attempting any sort of scatter measurements along the coronal plane (in alignment with the 
length of the bed). The cylindrical shape of the phantom is expected to have negligible 
influence on the measurements taken within the transverse plane.  
3.3  Concrete Scatterer 
Much of the data presented within this work relates to the interactions of X-rays with 
concrete. Attempting to use the concrete ceiling within the suite being utilised for 
experimentation was not viable for several reasons, the main reason being the presence of a 
false ceiling (plasterboard roofing tiles) used to hide the ducting and other services that run 
directly below the concrete ceiling. As such, a mobile concrete scatterer with density 
equivalent to that of the concrete ceiling (2.35 g/cm3) was required. A concrete density of 
2.35 g/cm3 is standard within the construction industry in Australia. Three concrete blocks 
were fabricated using cement mix and 20 mm aggregate available from a local hardware 
store. A 300 mm x 300 mm x 50 mm timber form was used to cast the concrete blocks and 
the density of all three measured. The concrete block whose density was closest to 2.35 g/cm3 
was utilised in this work (measured density of 2.39 g/cm3 ± 2%). The concrete block used is 
shown in Figure 3.3. 
 
FIGURE 3.3 - Concrete block used as a scatterer. 
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3.4  Raysafe Xi R/F Meter 
 
The Raysafe Xi consists of a base unit and multiple detectors capable of measuring 
parameters related to numerous modalities used throughout diagnostic imaging. External 
detectors featured within the Xi pack include: Radiography/Fluoroscopy (R/F), 
Mammography (MAM), Computed Tomography (CT) as well as two detectors for the 
measurement of ambient and emitted light. Used extensively throughout this work was the 
R/F meter. The R/F meter has two internal detectors, these being R/F high and RF low. The 
R/F high detector is used for conventional measurements undertaken with a high dose rate    
(> 100 Gy/s) while the R/F low detector is used for measurements at a low dose rate    
(>200 nGy/s). The R/F low detector was used for the measurement of all scattered (patient 
and concrete) air kerma while the R/F high detector was used for any primary X-ray beam 
measurements (for the evaluation of input DAP for example). Both detectors within the R/F 
meter had calibrations to a known standard, with stated uncertainties for the measurement of 
air kerma of 2.8% for X-ray beams whose peak energy lies within the range of 50 and 150 
keV. The R/F meter used within this work was calibrated by Inmed Pty Ltd on 15/08/2016. 
The Raysafe Xi base unit and R/F detector used for all air kerma measurements undertaken 
throughout this work is shown in Figure 3.4. 
 
Figure 3.4 - Raysafe Xi base station and R/F detector. 
As alluded to in section 3.1, the reproducibility of the combination of X-ray tube output and 
R/F detector used throughout this work was evaluated. The coefficient of variation from 20 
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consecutive exposures was calculated to be 0.05%, indicating a very stable and reproducible 
output from the X-ray tube and measurement by the R/F detector. Each set of measurements 
within this work utilises a single reproducible X-ray beam. For this reason, the linearity of the 
X-ray tube and measurement by the R/F detector is not an influential factor. It is however 
noteworthy that the linearity of the X-ray tube and measurement by the R/F meter has 
previously been evaluated and found to be excellent. 
 
3.5  Spectrometer 
The measurement of X-ray spectra was performed using an Amptek X-123 CdTe 
spectrometer. The Amptek X-123 CdTe X-Ray spectrometer is a single package instrument 
which combines a XR100T-CdTe detector and preamplifier, DP5 Digital Pulse Processor 
(DPP) and Multi-Channel Analyser (MCA) 27. Typical performance provides an optimum 
energy range of 5 keV to 150 keV, maximum count rate of 2 x 105 counts per second and an 
energy resolution greater than 1.2 keV FWHM at 122 keV. This makes it ideal for measuring 
the energy spectra of diagnostic energy X-ray tubes that typically have maximum photon 
energies within the range of 50 keV to 125 keV.  
CdTe detectors do not suffer from the efficiency drop offs at low (~20 keV) energies 
commonly associated with Si detectors. While CdTe has excellent sensitivity up to 100 keV, 
the response function of the CdTe detector differs greatly to that of Si or Ge detectors and 
these differences must be accounted for. The most dramatic effect comes in the form of the 
Cd and Te escape peaks. Cd and Te absorb incident photons with energies higher than the Cd 
and Te absorption edges which are approximately 27 keV and 32 keV respectively. This 
absorption within the detector leads to a reduction of detected higher energy photons which 
requires correction via the addition of the blue section shown in Figure 3.5.   
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Figure 3.5 - Application of CdTe escape peak algorithm in XRS-FP. This image 
remains the copyright of Amptek Corporation. Permission to reproduce this image 
has been obtained from Amptek. 
The high energy photons absorbed by the Cd and Te are then re-emitted as lower energy 
photons which are detected as part of the original spectrum being measured. These counts 
require subtraction from the measured spectrum and are shown as green in Figure 3.5. Before 
correction, the Cd and Te peaks present as discontinuities in the measured spectrum at         
27 keV and 32 keV respectively, alongside an increase of low (< 20 keV) counts. The escape 
peak events are easily observed and removed in standard spectroscopy where discrete energy 
peaks are being measured. A level of complexity exists when dealing with the continuous 
Bremstahhlung spectrum produced by a diagnostic X-Ray tube which leads to a range of 
energies that are affected. Amptek offers software (XRS-FP) that has a range of processing 
algorithms that are able to remove the effects of these escape peaks. The XRS-FP software 
was utilised within the work 27. An example of the application of the XRS-FP software within 
this work can be seen in Figure 3.6 where the correction software has been applied to the 
measured X-ray spectrum of an 80 kVp beam with no additional copper filtration.  
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Figure 3.6 - Application of CdTe escape peak algorithm in XRS-FP for an 80 kVp 
beam with no additional copper filtration.  
One of the challenges faced when directly measuring X-ray spectra (especially those for 
primary X-ray beams) is the extremely high X-ray fluence produced by modern X-ray tubes. 
To overcome these high X-ray fluences, an Amptek collimation kit with tungsten collimating 
disks of diameters ranging from 25 m to 2000 m was used. The use of this collimation kit 
prevented detector flooding and excessive dead time during data acquisition. For all 
measurements within this work, dead time was maintained at less than 15% as per Amptek 
recommendations. The collimation kit utilised throughout this work (EXCV collimation kit) 
is shown in Figure 3.7. 
 
Figure 3.7 - Amptek EXCV collimation kit. This image remains the copyright of 
Amptek Corporation. Permission to reproduce this image has been obtained from 
Amptek. 
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The choice of collimation disk was highly dependent on the X-ray spectrum being measured. 
The measurement of primary beam X-ray spectra with minimal filtration required the use of 
the 25 m collimating disk to keep the spectrometer dead time to an acceptable level of under 
15%. This is in direct contrast to the measurement of the X-ray spectra being scattered off 
concrete, which for certain geometries required no collimation due to the low X-ray fluence 
incident on the spectrometer.  
All X-ray spectrum measurements were undertaken using 2048 channels which were 
calibrated to two gamma decay peaks from Am-241 (specifically the 59.54 keV and 26.34 
keV energy peaks). The X-ray spectrum acquired for Am-241 is shown in Figure 3.8. 
 
Figure 3.8 - Acquired X-ray spectrum for Am-241. The decay peaks of 26.34 keV 
and 59.54 keV were used to calibrate the spectrometer channels to a known energy. 
Four decay peaks are shown in Figure 3.8 however it is only possible to use the XRS-FP 
correction software on X-ray spectra calibrated to two points. For this reason, two decay 
peaks of 26.34 keV and 59.54 keV were used to calibrate the spectrometer channels to a 
known energy. Also prominent in Figure 3.8 are four escape peaks at approximately         
28.5 keV, 32.2 keV, 33.5 keV and 36.5 keV. These correspond to escape peaks resulting from 
interactions between the 59.54 keV gamma rays from the Am-241 with electrons from the 
TeK, TeK, CdK and CdK shells respectively.  
The uncertainty associated with the measurement of photon energy (i.e X-ray spectra) was 
conservatively evaluated to be ± 2%. This uncertainty was attributable to the alignment of 
Am-241 peaks to acquisition channels during the calibration stage.  
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3.6  SpekCalc 
 
The measurement/modelling of X-ray beam spectra at varying kVp’s and applied filtration is 
by no means novel, but does represent an excellent opportunity to compare measured X-ray 
spectra against predicted data. SpekCalc is a calculation tool and an excellent source of 
modelled X-ray spectrum data for tungsten anode, diagnostic energy X-ray tubes 28. SpekCalc 
uses a mix of semi-empirical modelling of X-ray production with Monte Carlo derived 
electron survival properties at depth. SpekCalc has been vigorously tested against state of the 
art Monte Carlo software BEAMnrc with excellent agreement 28. Due to the acceptance of 
SpekCalc within the medical physics community, it was selected for use as a comparison tool 
between measured and predicted data for a number of primary X-ray beams of varying kVp 
and filtration reported in Chapter Four. A screenshot of SpekCalc is shown in Figure 3.9. 
 
Figure 3.9 - Example screenshot of SpekCalc. SpekCalc is commercial software 
available from http://spekcalc.weebly.com/. The SpekCalc program is described in 
the paper by G. Poludniowski 28. 
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Chapter Four  
The Measurement of X-ray Energy Spectra 
within a Clinical Interventional Radiology 
Suite 
4.1 Introduction 
 
The spectrum of X-rays within an X-ray beam has a significant influence on the way that 
beam interacts with matter 29. Knowledge of the X-ray spectrum is fundamental in 
understanding the characteristics of all radiation present within an interventional radiology 
suite. Primary X-ray beams or X-rays scattered from a patient or shielding material, are 
composed of X-rays whose energies range from very small (~1 keV) to as high as that made 
possible by the potential difference applied across the X-ray tube (the kVp which is typically 
around 125 kVp). To date, investigations reporting on the X-ray spectra within diagnostic 
facilities have been limited to monoenergetic beams 17 or specific niche    
geometries/scenarios 18,30. The existing literature lacks a detailed reporting of all the X-ray 
spectra commonly encountered within an interventional radiology suite. To address this issue, 
the X-ray spectra of patient-scattered as well as tertiary radiation, typical within a clinical 
interventional suite, will be measured and discussed within this chapter.  
The measurement of X-ray spectra serves to not only investigate the spread of X-ray energies 
found within a suite, but to also lay the foundation for the measurement of concrete-scattered 
air kerma described in Chapter Six. The measurements undertaken in Chapter Six require 
large fluences of X-rays scattered by a phantom through various angles to be incident on a 
concrete block in order to accurately measure the concrete-scattered air kerma per unit Dose 
Area Product (DAP). Attempting to use actual phantom-scattered X-rays to perform these 
measurements will result in large uncertainties due to the small X-ray fluence emerging from 
the phantom, particularly at small scattering angles 19. The small scattered X-ray fluence 
emerging from the water phantom ultimately leads to the necessity of replicating the 
phantom-scattered X-ray spectra with primary X-ray beams. To achieve the best possible 
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match between patient-scattered and primary X-ray beam spectra, as many primary X-ray 
beam spectra as possible should be available for comparison. Another benefit of acquiring 
primary X-ray beam spectra is that it presents an excellent opportunity to validate 
experimental measurements against predicted data. This comparison will be achieved using 
the SpekCalc software which was described in Section 3.6. 
For clarity, Chapter four will report the findings from three distinct experimental scenarios 
separately. The three experimental scenarios are as follows. 
4.1.1 Experimental Scenario One: Measurement of Primary X-ray Beam Spectra and 
Comparison with SpekCalc. 
The measurement of primary beam X-ray spectra for beams with varying kVp and filtration 
combinations was undertaken for the follwing two reasons:  
1) To acquire a large number of primary X-ray beam spectra for comparison with the 
phantom-scattered X-ray spectra acquired within Experimental Scenario Two. The 
ultimate goal of this comparison is to replicate the phantom-scattered X-ray spectrum 
at a given scattering angle with a primary X-ray beam.  
2) To allow for direct comparison of measured X-ray spectra to that predicted by 
Spekcalc. 
The X-ray spectra of hundreds of primary X-ray beams with varying kVp’s and filtration 
combinations (everything from copper and aluminium through to glass and plasterboard) 
were acquired. A selection of measured primary beam X-ray spectra were directly compared 
to those predicted by SpekCalc in order to validate all measured X-ray spectra presented 
within this thesis.  
4.1.2 Experimental Scenario Two: Measurement of Phantom-Scattered X-ray Spectra 
and Replication with Primary X-ray beams. 
Experimental Scenario Two aims to directly measure the phantom-scattered X-ray spectra 
resulting from a water phantom being irradiated by an 85 kVp primary X-ray beam with 
varying levels of copper filtration (0 mm, 0.3 mm and 0.6 mm). As previously discussed, 85 
kVp is considered an X-ray tube voltage typical of clinical fluoroscopic use 8. A patient 
equivalent water phantom was used as a scatterer and the resulting X-ray spectra at scattering 
angles of 20o through 160o in 10o increments were acquired. The measurement of phantom-
scattered X-ray spectra is an important undertaking because it enables characterisation of the 
phantom-scattered radiation more comprehensively than that offered by the value of HVL or 
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effective energy alone 30. Direct measurement of the phantom-scattered X-ray spectra gives 
insight into the radiation directly incident onto staff within an interventional suite, as well as 
that incident onto the concrete ceiling which subsequently forms tertiary radiation. 
A selection of phantom-scattered X-ray spectra were subsequently selected for further 
investigation in Chapter Six. These X-ray spectra require replication by a primary X-ray 
beam for reasons previously discussed. This requirement led to the X-ray spectra of radiation 
scattered by a phantom through 20o, 30o, 40o, 50o and 70o being successfully replicated by 
primary X-ray beams.  
4.1.3 Experimental Scenario Three: Measurement of Concrete-Scattered X-ray 
Spectra. 
Within a hospital environment, interventional radiology suites will almost always feature a 
concrete ceiling slab of considerable thickness (200 mm or greater). Subsequently, 
investigations into tertiary radiation in/around an interventional radiology suite can almost 
always be simplified into an investigation of how secondary radiation interacts with concrete. 
Although tertiary radiation also constitutes secondary radiation scattering off walls which 
may be lead lined, our investigation will focus purely on tertiary radiation from concrete that 
is able to bypass primary shielding barriers such as those described in Section 2.3.  
Experimental Scenario Three reports on the measurement of the X-ray spectra typically 
originating from a concrete ceiling within an interventional radiology suite. The term 
‘typically’ refers to the X-rays incident on the concrete ceiling having been scattered off a 
patient under typical clinical conditions (i.e using an 85 kVp primary X-ray beam with 0.6 
mm of additional copper filtration) 8.  
 
4.2 Materials and Methods 
 
The methodology for each experimental scenario is unique and is presented separately.  
Experimental Scenario One – Primary X-ray Beams 
To acquire primary beam X-ray spectra from the Siemens Artis Zee fluoroscopy unit, the 
experimental setup shown in Figure 4.1 was implemented. 
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Figure 4.1 - Experimental setup used within Experimental Scenario One to measure 
various primary beam X-ray spectra from a Siemens Artis Zee fluoroscopy unit at 
The Townsville Hospital, QLD. 
Figure 4.1 demonstrates the Amptek spectrometer positioned within the primary X-ray beam 
as close to the image detector as possible (right of image). A piece of foam was used to 
position the spectrometer in the centre of the primary beam. Also shown is the A-plane X-ray 
tube with additional aluminium filtration attached to the housing (left of image). Due to the 
limited distance between the focal spot and image detector (approximately 1200 mm), the 
maximum permissible distance between the focal spot and spectrometer was approximately 
950 mm. This small distance subsequently required the use of very small X-ray tube currents 
and maximum spectrometer collimation of 25 micron to reduce the X-ray fluence incident on 
the spectrometer. The use of larger X-ray tube currents/collimation discs led to detector 
flooding and excessive dead time which was avoided. As more filtration was applied to the 
primary X-ray beam, the resultant drop in X-ray fluence allowed larger collimator discs to be 
used to increase the photon fluence to the detector, subsequently reducing acquisition time.  
The number of counts obtained for highly filtered, low kVp X-ray beams was limited by the 
heat loading of the X-ray tube. The effect on the number of counts obtained is due in part to 
the relationship between the X-ray tube potential and output X-ray fluence (output X-ray 
fluence ~ kVp2). The heat loading of the X-ray tube for these highly filtered, low kVp 
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primary beams remained an issue even when the largest collimation disc of 2 mm diameter, 
or no collimating disk at all was used during X-ray spectra acquisition.  
A minimum of three million (3 x 106) counts over 2048 channels were acquired for primary 
X-ray beams of 80 kVp and higher. This number of counts was arbitrarily selected based on 
the smooth physical appearance of the resulting X-ray spectrum. The same number of counts 
was not feasible for a heavily filtered, low kVp beam because X-ray tube heat loading 
became an issue after 7 or 8 minutes of continuous fluoroscopic screening at maximum tube 
current (mA). For these kVp and filtration combinations, the X-ray spectrum was acquired 
until the X-ray tube heat factor became a concern. The minimum value of five hundred 
thousand (5 x 105) counts was acquired for a 50 kVp beam with 0.9 mm of additional copper 
filtration.  
When undertaking a comparison of measured and predicted X-ray spectra, both the overall 
shape and effective energy of the beam is important. For this reason, all results presented will 
include the effective energy of both X-ray spectra which are represented by small vertical 
lines on the horizontal axis. The effective energy was calculated as a weighted average of X-
ray energy within the measured X-ray spectrum. 
Experimental Scenario Two – Water Phantom 
The measurement of phantom-scattered X-ray spectra was performed using a Siemens 300 
mm diameter cylindrical water phantom acting as a patient-equivalent scatterer. The 
scattering angle was defined as the angle of deviation of an X-ray’s original projection. A 
scattering angle of 160o is depicted in Figure 4.2. 
 
Figure 4.2 - Plan view of the experimental setup used to measure the phantom-
scattered X-ray spectra at various scattering angles from a water phantom in 
Experimental Scenario Two. In this scenario, the spectrum of X-rays being scattered 
through 160o is being measured. 
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Figure 4.2 shows in plan view, the X-ray tube being directed laterally through the water 
phantom with the spectrometer positioned within the same horizontal plane. The spectrometer 
is positioned 20O from the X-ray tube, resulting in the measurement of the X-ray spectrum of 
X-rays scattered through an angle of 160O from the water phantom. 
The water phantom was positioned at isocentre (765 mm from the X-ray tube focal spot) and 
the system configured to deliver a controlled output of 85 kVp X-rays with varying levels of 
copper filtration (0 mm, 0.3 mm and 0.6 mm were investigated). The ability of the Artis Zee 
system used throughout this work to display angular positions to within 1o was utilised 
advantageously. The spectrometer was positioned using the system displayed angular 
position in the following way: 
1) The X-ray tube was positioned at the desired spectrometer position (-20o as per Figure 
4.2) and a laser pointer (which was positioned on the water phantom) used to mark the 
centre of the X-ray tube collimator face.  
2) The X-ray tube was then rotated 20o to a position of 0o and the spectrometer postioned 
in line with the laser pointer and within 5 mm of the centre of the water phantom 
within the verical plane. This resulted in the setup shown in Figure 4.2.  
3) The phantom-scattered X-ray spectrum was acquired for this scattering angle (160o). 
4) From this initial position, the X-ray tube was then rotated 10o and the phantom-
scattered X-ray spectrum for a scattering angle of 150o acquired. 
5) Step 4 was repeated until an X-ray tube angle of 140o was reached. This resulted in 
the measurement of phantom-scattered X-ray spectra for scattering angles between 
20o and 160o, in 10o incremements. 
As the angular position is displayed on the system with a resolution of 1o, great care was 
taken to position the X-ray tube at a position corresponding to an angle closest to the required 
position. For example, if an X-ray tube position of 10o was required, care was taken to slowly 
rotate the X-ray tube and stop at the point where the displayed angular position changed from 
9o to 10o. This methodology led to an uncertainty in angular positioning less than 1o. The 
experimental setup is shown in Figure 4.3. Note that small squares of lead lined timber were 
placed either side of the spectrometer in order to minimise the potential measurement of 
radiation from sources other than the water phantom.  
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Figure 4.3 - Experimental setup used in Experimental Scenario Two to measure the phantom-
scattered X-ray spectrum at various scattering angles. 
Acquisition of the phantom-scattered X-ray spectra was undertaken in the horizontal plane 
because this allowed the spectrometer to be placed on a stable bench. A horizontal 
measurement plane was used to ensure the safety of the spectrometer, however does not take 
into consideration the potential beam hardening properties of the table and mattress. 
The X-ray spectra resulting from an 85 kVp beam with 0 mm, 0.3 mm and 0.6 mm of copper 
filtration scattering from a water phantom was acquired for scattering angles between 20o and 
160o, in 10o increments.  
Experimental Scenario Three – Concrete Block 
The measurement of the spectrum of X-rays typically scattered off concrete within an 
interventional suite was achieved using the following methodology. The accurate angular 
system display of the Artis Zee system was again utilised in the following way: 
1) The concrete block was placed onto the patient table in an upright position and 
parallel to the table at isocentre (approximately 675 mm from the focal spot). 
2) The X-ray tube was positioned in the desired spectrometer position, and the centre of 
the collimator face marked with the laser pointer which was situated on top and in the 
middle of the concrete block. 
3) The X-ray tube was then rotated into its desired position, and the spectrometer 
positioned directly in line with a laser pointer.  
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Care was taken to ensure that the X-ray tube and spectrometer were localised at an angle 
corresponding to the changeover point for that angle on the system display. For example, 
when trying to position the X-ray tube at an angle of 40o, the unit was moved to a position of 
39o then slowly incremented until the displayed changed over to 40o. Doing this while using 
the system displayed angular position allows the scattering angle to be known with an 
uncertainty less than ± 1o.  
The naming convention of angles used within Experimental Scenario Three is illustrated in 
Figure 4.4. 
 
Figure 4.4 - Definition of angles for the measurement of concrete-scattered X-ray 
spectra used within Experimental Scenario Three. 
Two contrasting experiments were conducted within Experimental Scenario Three. Firstly, an 
investigation into the effect that the incident and scattering angles have on the measured 
concrete-scattered X-ray spectra was undertaken. For this investigation, the input primary X-
ray beam chosen was that resulting from Experimental Scenario Two to replicate the 20o 
phantom-scattered radiation. This primary X-ray beam was chosen as it represents the 
patient-scattered radiation of the highest effective energy that would typically be incident on 
a concrete ceiling within a clinical interventional suite. The primary X-ray beam (85 kVp, 0.1 
mm Cu and 4.3 mm Al) was incident on the concrete block between angles of 40o and 90o, 
and the resulting concrete-scattered X-ray spectrum measured at measurement angles of 110o 
through to 160o, in 10o increments. For all measurements, the collimator kit was used with a 1 
mm diameter collimating disc applied. The spectrometer was positioned 1 m from the centre 
of the face of the concrete block and the field size was set to the default fixed value of 10 cm 
at 120 cm FID. The experimental setup is shown in Figure 4.5. 
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Figure 4.5 - Experimental setup of Experimental Scenario Three for the 
measurement of concrete-scattered X-ray spectra. 
A second experiment to investigate the range of concrete-scattered X-ray spectra potentially 
incident on interventional staff within a suite was also conducted. Figure 2.2 illustrates the 
typical positioning of an interventional radiologist within an interventional suite. Under these 
typical circumstances, it is expected that a large component of their tertiary radiation 
exposure will arise from X-rays incident on the concrete ceiling at an incident angle of 
approximately 70o and absorbed by the radiologist at a measurement angle of approximately 
110o. Replicating this geometry experimentally, primary X-ray beams of varying kVp (60 
kVp through to 90 kVp in 10 kVp increments) and either 0 mm or 0.6 mm of additional 
copper filtration were incident onto the concrete block at an incident angle of 70o. The 
concrete-scattered X-ray spectrum for each incident primary X-ray beam was measured at a 
measurement angle of 110o, corresponding to the measurement of a range of 140o concrete-
scattered X-ray spectra potentially being absorbed by a radiologist’s head. The filtration 
levels were selected as being a conservative representation of the upper and lower limits of 
the effective energy typically incident on a concrete ceiling (60 kVp with no copper filtration 
being representative of the lowest effective energy and the 90 kVp with 0.6 mm of copper 
representing the highest). 
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4.3 Results 
 
The results for the three experimental scenarios are presented separately for clarity. 
Experimental Scenario 1 – Primary X-ray Beams. 
Hundreds of primary beam X-ray spectra were acquired, however only those pertinent to 
typical clinical use, i.e X-ray beams of 85 kVp, are reported. Figure 4.6 shows the 85 kVp 
primary X-ray beam spectra for varying levels of copper filtration.  
 
Figure 4.6 - Measured X-ray spectra for an 85 kVp primary X-ray beam with various 
levels of copper filtration. 
The acquired counts in Figure 4.6 have been normalised to the Tungsten K peak 
(approximately 67 keV). Normalising to this point helps in distinguishing the effect that the 
added copper filtration has on the X-ray energies below this peak. Figure 4.6 demonstrates a 
clear decrease in the fluence of low energy X-rays as the thickness of the copper filtration 
increases. This result illustrates the intended use of beam filtration to reduce potential 
deterministic effects during interventional fluoroscopic procedures.   
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Comparison of measured primary beam X-ray spectra with those predicted by SpekCalc was 
undertaken for many primary X-ray beam spectra with great success. Figure 4.7 shows the 
direct comparison between the measured primary beam X-ray spectrum with that generated 
by SpekCalc for an 85 kVp beam with 0 mm of additional copper filtration. Identical 
comparisons for 0.3 mm, 0.6 mm and 0.9 mm of additional copper filtration can be seen in 
Appendix A.1. The results shown have been normalised to the total number of detected 
counts, thus producing spectra with uniform areas under their curves. The effective energy of 
both the measured and predicted X-ray spectrum is shown along the horizontal axis. 
Agreement between the measured and predicted data is illustrated by similarity in shape 
along with comparable values for effective energy. In many cases, the values for effective 
energy overlap, indicating excellent agreement between the measured and predicted data. 
.  
Figure 4.7 - Comparison of measured X-ray spectrum with SpekCalc predicted data for an 85 
kVp primary X-ray beam with 0 mm of additional copper filtration. 
Visual comparisons between all measured and predicted spectra show excellent agreement. 
The main variation between the measured and predicted data is the broadening of the 
measured characteristic X-ray peaks and a minimal reduction in the measured X-ray fluence 
within other sections of the X-ray spectra. The most likely explanation for these discrepancies 
is the likelihood of photons undergoing Compton scattering interactions within the 
spectrometer collimator/detector setup. This would cause measurement of both characteristic 
and Bremsstrahlung X-rays with slightly reduced energy caused by inelastic interactions 
within the spectrometer collimator/detector materials.  
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The reported 85 kVp X-ray spectra can be broken down into four main components for 
discussion. These four components are: 
1) Energies below ~ 30 keV 
2) Energies below the K1 absorption edge (< ~58 keV) but greater than 30 keV 
3) Energies between the K1 and K2 absorption edges (~58 keV to ~ 69 keV) 
4) Energies greater than the K2 absorption edge (> ~69 keV) 
For all measured 85 kVp primary X-ray beam spectra compared with SpekCalc, SpekCalc 
predicts a lower fluence of X-rays for energies less than 30 keV when compared to those 
measured. For X-ray energies within the range of 30 keV to 58 keV, SpekCalc predicts a 
marginally higher X-ray fluence than that measured. One explanation for this is the presence 
of absorption and/or scattering interactions within the collimating discs and/or collimating kit 
itself. Low keV X-rays are more likely to undergo photoelectric absorption and if absorbed, 
will not contribute to the measured X-ray spectra. X-rays non-elastically scattered prior to 
detection will be detected with a lower energy than is predicted by SpekCalc. This presents in 
Figure 4.7 as a lower measured X-ray fluence for X-rays within the energy range of 
approximately 30 keV to 58 keV. It is likely that X-rays within this energy range that were 
predicted by SpekCalc were measured as scattered X-rays of energies less than 30 keV. The 
small fluence of measured X-rays whose energies are below the minimum energy predicted 
by SpekCalc is further evidence of the measurement of scattered X-rays.  
The trend of measured X-ray fluence being marginally lower than that predicted by SpekCalc 
remains true for X-ray energies greater than 69 keV (the K2 edge). This is also attributed to 
scattering interactions within the collimating discs and/or collimating kit itself. Some of the 
SpekCalc predicted X-rays with energies greater than 69 keV that were not measured, were 
likely detected as scattered X-rays with energies between 60 keV and 69 keV. 
The measured X-ray fluence for energies between 58 and 69 keV (between K1 and K2 
absorption edges) shows variation between the discrete peaks predicted by SpekCalc to those 
measured. The alignment of the characteristic peak energies within this region is excellent, 
however the extremely discrete width of these peaks predicted by SpekCalc is not reflected in 
the measured X-ray spectra. This is also attributed to scattering interactions prior to detection 
within the spectrometer. 
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It is well documented that X-rays undergoing scattering interactions through large scattering 
angles emerge with reduced energy 16. Because Experimental Scenarios Two and Three 
report on the measurement of phantom and concrete-scattered X-ray spectra through 
numerous scattering angles respectively, a comparison of measured and predicted data for 
primary X-ray beams of lower effective energy (i.e lower kVp and less filtration) was 
undertaken. Agreement between measured and SpekCalc predicted data for primary X-ray 
beams of lower effective energy will, via association, give validity to the measured phantom 
and concrete-scattered X-ray spectra acquired. For this reason, Figures 4.8 and 4.9 show the 
comparison of measured and SpekCalc predicted X-ray spectra for 50 kVp and 70 kVp beams 
with no additional copper filtration respectively. Figures 4.8 and 4.9 have also been 
normalised to the number of constituent X-rays. 
 
Figure 4.8 - Comparison of measured X-ray spectrum with SpekCalc predicted data for a 50 
kVp primary X-ray beam with 0 mm of additional copper filtration. 
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Figure 4.9 - Comparison of measured X-ray spectrum with SpekCalc predicted data for a 70 
kVp primary X-ray beam with 0 mm of additional copper filtration. 
Figures 4.8 and 4.9 show very good agreement between measured and SpekCalc predicted 
data for the 50 kVp and 70 kVp primary X-ray beams respectively. Evidence of the 
measurement of scattered X-rays discussed in relation to Figure 4.7 is also very evident in 
Figures 4.8 and 4.9. Both Figures 4.8 and 4.9 illustrate SpekCalc predicting a higher X-ray 
fluence for X-rays between the energy range of approximately 30 keV to 50 keV. X-rays 
within this energy range missing from the measured X-ray spectra are believed to have 
undergone scattering interactions and subsequently present as measured X-rays within the 
approximate energy range of 15 keV to 30 keV. This theory (as for Figure 4.7) explains the 
increase in measured X-rays compared to those predicted for X-ray energies below 
approximately 30 keV. Another contribution to the higher fluence of low energy (< 30 keV) 
X-rays measured compared to those predicted by SpekCalc, is expected to be attributable to 
the absorption edges/escape peak characteristics of the CdTe detector being used (see Figure 
3.5). Even though the XRS-FP software was used to correct for these effects, it is possible 
that this phenomenon is still being observed to some extent. This is expected to be a very 
small contribution however still one worth noting.    
Table 4.1 shows a summary of the comparisons undertaken between the effective energies for 
the measured X-ray spectra with those predicted by SpekCalc for a number of primary X-ray 
beams. The variance represents the relative difference between the measured and SpekCalc 
predicted effective energies and was calculated as:  
Variance = (Effective Energymeasured - Effective EnergySpekCalc) / Effective EnergySpekCalc 
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Table 4.1 - Comparison of effective energies predicted by SpekCalc to those 
measured. 
 
Experimental Scenario 2 – Water Phantom 
The phantom-scattered X-ray spectra was measured at various scattering angles for incident 
primary X-ray beams of 85 kVp and 0 mm, 0.3 mm and 0.6 mm of additional copper 
filtration. For brevity, not all results will be presented and only results from the clinically 
typical primary input X-ray beam with 0.6 mm of copper filtration will be presented. The 
results for primary X-ray beams with other filtration combinations can be seen in Appendix 
A.2. Figure 4.10 shows the phantom-scattered X-ray spectra measured for a primary X-ray 
beam of 85 kVp and 0.6 mm of additional copper filtration. The X-ray spectra for fifteen 
scattering angles were measured however only five are presented for clarity.  
 
Figure 4.10 – Phantom-scattered X-ray spectra at varying scattering angles for an 85 
kVp primary X-ray beam with 0.6 mm additional copper filtration. 
Incident Primary X-ray Beam
Measured 
Effective Energy 
(keV)
SpekCalc Effective 
Energy (keV)
Variance (%)
     85kVp 0 Cu 50.2 50.2 0
     85kVp 0.3 Cu 57.2 56.1 2.1
     85kVp 0.6 Cu 62.3 60.2 3.5
     85kVp 0.9 Cu 62.5 62.8 -0.5
     70kVp 0 Cu 43.4 43.8 -0.9
     50kVp 0 Cu 34.7 35.9 -3.4
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Figure 4.10 illustrates a clear trend between the decrease in effective energy of the phantom-
scattered radiation with an increase in scattering angle. This relationship was expected due to 
the direct result of energy loss through Compton scattering interactions. The K1 and K2 
absorption edge characteristic peaks (approximately 58 keV and 69 keV respectively) which 
are prevalent in all 85 kVp direct X-ray beam spectra (see Figure 4.6), become undiscernible 
at scattering angles greater than approximately 30o. At scattering angles greater than 30o, a 
small spectral peak that decreases in energy with increasing scattering angle can be observed. 
This is expected to be a result of the measurement of Compton scattered tungsten K shell 
characteristic X-rays. Because multiple interactions prior to detection are likely, a broadening 
of this peak is to be expected which agrees with the measured data. For emphasis, Figure 4.11 
shows a direct comparison between the phantom-scattered X-ray spectra at 20o and 160o. 
 
 
Figure 4.11 – Phantom-scattered X-ray spectra at 20o and 160o scattering angles for 
an 85 kVp primary X-ray beam with 0.6 mm additional copper filtration. 
 
Figure 4.12 shows the relationship between the calculated effective energy of the phantom-
scattered X-ray spectra and scattering angle. It should be noted that X-ray beam spectra for 
scattering angles of 80o and 90o are unfortunately omitted due to data corruption issues on the 
laptop being used for data acquisition. 
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Figure 4.12 – The effect of scattering angle on phantom-scattered X-ray effective energy 
(kev) for an incident primary X-ray beam of 85 kVp with 0.6 mm additional copper filtration. 
Figure 4.12 clearly illustrates the decrease in effective X-ray energy with increasing 
scattering angle. The results obtained for the phantom-scattered X-ray spectra for an 85 kVp 
primary beam with no copper filtration (Figure A.7 of Appendix A.2) show a linear decrease 
in effective energy with increasing scattering angle that extends through all fifteen scattering 
angles measured. When 0.3 mm of copper filtration was applied to the input primary X-ray 
beam, the linear decrease in effective energy plateaus at a scattering angle of approximately 
120o (see Figure A.11). Figure 4.12 illustrates a similar plateau however at a scattering angle 
of approximately 80o, demonstrating that the radiation scattered off a patient/phantom at 80o 
is approximately equivalent in effective energy to radiation scattered at angles of 90o through 
160o. The plateau angle of 80o was derived from the intersection point of the linear trends for 
scattering angles between 20o and 70o, and 100o to 160o. Chapter Six requires the phantom-
scattered X-ray spectra included in Figure 4.12 to be replicated by primary X-ray beams. The 
discovered plateau in effective energy at a scattering angle of 80o for the 0.6 mm copper 
filtered, 85 kVp, incident X-ray beam subsequently results in only the X-rays scattered 
through angles of 20o through to 80o requiring consideration in Chapter Six. 
Comparisons of the 30o and 160o phantom-scattered X-ray spectra for primary X-ray beams 
with varying levels of copper filtration are shown in Figures 4.13 and 4.14.  
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Figure 4.13 – The effect of copper filtration applied to an 85 kVp incident primary X-ray 
beam on the measured X-ray spectra of X-rays scattered by a water phantom through 300. 
 
Figure 4.14 - The effect of copper filtration applied to an 85 kVp incident primary X-ray 
beam on the measured X-ray spectra of X-rays scattered by a water phantom through 1600. 
As expected, Figures 4.13 and 4.14 illustrate that the incident X-ray beams with higher 
effective energy (more copper filtration) translate into phantom-scattered X-rays with higher 
effective energy. The most prominent depiction of this can be seen for a scattering angle of 
1600 (Figure 4.14) where the copper filtered beams vary significantly in shape to the 
unfiltered beam. 
The main objective driving the measurement of phantom-scattered X-ray spectra at various 
scattering angles is to accurately replicate them using appropriate primary X-ray beams 
measured in Experimental Scenario One. Further experimentation pertaining to the 
interactions of patient/phantom-scattered radiation with concrete will be focused around the 
phantom-scattered radiation resulting from an input primary X-ray beam of 85 kVp and 0.6 
mm of additional copper filtration. For this reason, only the phantom-scattered X-ray spectra 
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measured for an 85 kVp, 0.6 mm copper filtered primary X-ray beam requires replication by 
an appropriately selected primary X-ray beam from Experimental Scenario One. In addition 
to this, the plateau of phantom-scattered X-ray effective energy at a scattering angle of 80o 
(Figure 4.12) results in only the X-ray spectra for scattering angles of 20o through 80o 
requiring consideration in Chapter Six. It was decided that the phantom-scattered X-ray 
spectra for scattering angles of 20o, 30o, 40o, 60o and 70o should be replicated. Careful 
consideration resulted in the conclusion that the phantom-scattered X-ray spectra for 
scattering angles of 40o and 50o were not significantly different enough to warrant individual 
consideration. The same conclusion was made for scattering angles of 70o and 80o. The five 
phantom-scattered X-ray spectra chosen for replication by primary X-ray beams constitute a 
good representation of scattered radiation resulting from an 85 kVp, 0.6 mm copper filtered 
beam incident on a patient. Matching of the selected phantom-scattered X-ray spectra with a 
suitable primary X-ray beam from Experimental Scenario One was completed through trial 
and error. Each of the selected phantom-scattered X-ray spectra was overlayed with each 
primary X-ray beam spectra acquired during Experimental Scenario One. The effective 
energies and overall shape of both X-ray spectra were compared until the closest match was 
achieved. After careful consideration, five primary X-ray beams shown in Table 4.2 were 
chosen to represent the appropriate phantom-scattered X-ray spectra.  
Table 4.2 – Effective energy comparison of matched primary X-ray beams to measured 
phantom-scattered X-ray spectra. 
Table 4.2 illustrates exceptional agreement between the effective energies of the measured 
phantom-scattered X-ray spectra with their respective replicating primary X-ray beam. 
Furthermore, Figures 4.15 through 4.17 demonstrate the excellent visual agreement between 
the phantom-scattered X-ray spectra and the appropriately match primary X-ray beam for 
scattering angles of 20o, 40o and 70o. The comparisons for phantom-scattering angles of 30o 
and 60o can be seen in Appendix A.2. 
Phantom Scattered Angle (o) Primary Beam of Best Match
Variation of Primary Beam to 
Phantom-Scatter Effective 
Energies (%)
20 85 kVp, 0.1 mm Cu, 4.3 mm Al 0.1
30 85 kVp, 6.3 mm Al 0.5
40 85 kVp, 4.3 mm Al 0.8
60 77 kVp, 0.1 mm Cu, 2.3 mm Al 1.2
70 77 kVp, 4.3 mm Al -0.4
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Figure 4.15 – X-ray spectra comparison of an 85 kVp, 0.1 cu, 4.3 al primary X-ray beam to 
20o phantom-scattered X-rays. 
 
 
 
 
Figure 4.16- X-ray spectra comparison of an 85 kVp, 4.3 al primary X-ray beam to 40o 
phantom-scattered X-rays. 
47 
 
 
Figure 4.17 – X-ray spectra comparison of a 77 kVp, 4.3 Al primary X-ray beam to 70o 
phantom-scattered X-rays. 
Figures 4.15 through 4.17 show primary X-ray beams that very closely resemble the 
appropriate phantom-scattered X-ray spectra in terms of both shape and effective energy. The 
most difficult spectra to match proved to be that of the 30o and 40o phantom-scattered 
radiation. To maintain the same peak photon energy between the phantom-scattered radiation 
and the primary X-ray beam required the use of an 85 kVp primary X-ray beam. At this kVp, 
the K shell characteristic peaks of the primary X-ray beam are more prominent than that of 
the measured phantom-scattered X-ray spectra. This led to a difficult decision as to whether 
to reduce the kVp of the primary X-ray beam, which would in turn reduce the variance with 
the phantom-scattered radiation around the energies of the Kcharacteristicedges, however 
at the expense of mismatched peak X-ray energies. In the end, it was decided to use primary 
X-ray beams with a more closely matched peak X-ray energy. This was not the case when 
attempting to match the phantom-scattered X-ray spectrum to primary X-ray beams for 
scattering angles of 60o and 70o. For these two scattering angles, the kVp of the matched 
primary beam was reduced to 77 kVp to align with the peak energy of the phantom-scattered 
X-rays. The use of higher primary beam kVp’s saw the introduction of prominent K shell 
characteristic X-ray counts. This had to be avoided as they became an overpowering feature 
of the primary X-ray beam which was not present in the phantom-scattered X-ray spectrum.  
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Experimental Scenario Three – Concrete Block 
The primary X-ray beam replicating the phantom-scattered X-rays at a scattering angle of 20o 
(85 kVp, 0.1 mm Cu and 4.3 mm Al) was incident on the concrete block at various incident 
angles and the resulting concrete-scattered X-ray spectra measured at various scattering 
angles. The results for incident angles of 40o (Figure 4.18) and 90o (Figure 4.19) are 
presented. The results for all other incident angles can be found in Appendix A.3. All figures 
within this experimental scenario are normalised to the ratio of concrete-scattered air kerma 
per unit input DAP (see Chapter Six). This normalisation merely helps to visualise the air 
kerma scattered from the concrete block along with the concrete-scattered X-ray spectra for 
the given geometry. It should be noted that the effective energy lines have been omitted since 
many of them overlap and become indistinguishable.  
 
 
Figure 4.18 - The concrete-scattered X-ray spectra at various scattering angles from 
an 85 kVp, 0.1 mm Cu and 4.3 mm Al filtered primary X-ray beam incident at 40o on 
a concrete block. 
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Figure 4.19 - The concrete-scattered X-ray spectra at various scattering angles from an 85 
kVp, 0.1 mm Cu and 4.3 mm Al filtered primary X-ray beam incident at 90o on a concrete 
block. 
Figure 4.18 illustrates a modest decrease in the concrete-scattered X-ray spectra effective 
energy for scattering angles of 50o to 100o. This can be seen visually through the downward 
shifting of the maximum X-ray energy measured along with the downward shifting of the 
spectral peak. This is in contrast to Figure 4.19 where the effective energy of the concrete-
scattered X-rays (not shown) is essentially uniform for scattering angles of 110o through to 
160o. The difference in effective energy between a scattering angle of 110o and 160o was 
calculated to be 0.3 keV. This plateauing of scattered X-ray effective energy was also noted 
for filtered primary X-ray beams incident on a water phantom covered within Experimental 
Scenario Two. It was observed within Experimental Scenario Two, that primary X-ray beams 
with 0.3 mm and 0.6 mm of additional copper filtration, when incident on a water phantom, 
produced scattered X-ray spectra whose effective energy decreased with increased scattering 
angle until a plateau was reached. For the 0.3 mm copper filtered primary beam, this plateau 
occurred at approximately 120o as demonstrated in Figure A.11. The effective energy of an 
85 kVp primary X-ray beam with 0.3 mm of additional copper filtration is comparable to the 
85 kVp primary X-ray beam with 0.1 mm of copper and 4.3 mm of additional aluminium 
filtration used within this experimental scenario (Table 4.1 and Figure 4.15 show these values 
to be approximately 57 keV and 55 keV respectively). Because these two primary X-ray 
beams have an identical kVp and similar effective energies, it could be assumed that the 
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scattering characteristics of the two beams would also be comparable. Considering these 
similarities, the plateauing of the concrete-scattered X-ray effective energy around a 
scattering angle of approximately 110o observed in Figure 4.19 is not surprising. 
Another interesting comparison can be made between the water phantom and concrete-
scattered X-ray spectra when similar X-ray spectra are incident upon them. Such a 
comparison can be made using the similarity between the 85 kVp primary X-ray beam with 
0.3 mm of additional copper filtration used in Experimental Scenario Two, and the 85 kVp, 
0.1 mm Cu, 4.3 mm Al filtered primary X-ray beam incident on the concrete in this scenario. 
Comparing the scattered X-ray spectra for a given scattering angle between the water 
phantom and concrete-scattered X-rays will subsequently illustrate the effect that the 
scattering material itself has the scattered X-ray spectra. A direct comparison can be seen in 
Figure 4.20. The error bars in Figure 4.20 correspond to the ± 2% uncertainty associated with 
the measurement of X-ray energies. 
 
Figure 4.20 - Direct comparison of the scattered X-ray effective energies at varying scattering 
angles for a water and concrete scatterer. 
Figure 4.20 illustrates that X-rays scattered off a concrete block have a higher effective 
energy than those scattered off the water phantom for a given scattering angle. Care should be 
taken when drawing conclusions from the results shown in Figure 4.20 however. Differences 
in the experimental setups between the two (see Figures 4.2 and 4.4) dictate that careful 
consideration be required when comparing the data from Figure 4.20 for small scattering 
angles. An example would be the measurement of the 50o scattered X-ray spectra between the 
two experimental setups. When measuring the 50o scattered X-ray spectra within 
Experimental Scenario Two, X-rays scattered through this angle making it to the 
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spectrometer have traversed the width of the water phantom. Traversing the full width of the 
water phantom results in the likelihood of photoelectric absorption and/or multiple scattering 
interactions being undertaken prior to detection. These two interactions will have contrasting 
effects whereby the absorption of low energy X-rays during photoelectric absorption will 
increase the effective energy of the measured X-rays while the Compton scattering 
interactions will lessen it. X-rays scattered through 50o off the concrete are able to be 
detected after scattering interactions (possibly single) within a thin layer of the incident 
concrete surface. The difference in experimental setup is not a factor for the large scattering 
angles (>90o) where for both the water phantom and concrete block, the X-ray tube and 
spectrometer were both positioned near the entrance side of the respective scatterer. For these 
large scattering angles, Figure 4.20 illustrates that the effective energy of the concrete-
scattered X-rays still remains higher than those scattered off the water phantom. It is 
theorised by the author that the reason for the concrete-scattered X-rays having a higher 
effective energy is related to photoelectric absorption’s dependence on atomic number. The 
likelihood of photoelectric absorption increases with the cube of the atomic number of the 
target. This relationship results in the increased density of concrete causing an increase in 
lower energy X-ray absorption, subsequently resulting in an increased effective energy of the 
measured concrete-scattered X-ray spectrum when compared to that scattered by a water 
phantom.  
An interesting phenomenon was observed when the concrete-scattered X-ray spectra for a 
given scattering angle, but different incident angles were overlayed. An example of five X-
ray spectra measured for 100o concrete-scattered X-rays, with incident angles between 40o 
and 80o is shown in Figure 4.21.  
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Figure 4.21 - The 100o concrete-scattered X-ray spectra of an 85 kVp, 0.1 mm Cu and 4.3 
mm Al filtered primary X-ray beam at varying incident angles. 
Figure 4.21 illustrates that the X-ray tube incident angle has no effect on the measured 
concrete-scattered X-ray spectrum for a given scattering angle. This result has implications 
when knowledge of the X-ray spectrum of tertiary radiation from a concrete ceiling within an 
interventional radiology suite is required. If the angle through which the X-rays reaching a 
point have been scattered is known, an estimate of the concrete-scattered X-ray spectrum can 
easily be made as the angle at which they were incident on the concrete ceiling was found to 
be irrelevant. Another interesting feature illustrated in Figure 4.21, is the appearance of a 
small X-ray peak at approximately 32 keV. This feature was not investigated further however 
is expected to be a characteristic emission from a constituent within the concrete block. 
The 140o concrete-scattered X-ray spectra (incident and measurement angles of 70o and 110o 
respectively) was measured for beams of varying kVp and copper filtrations of 0 mm or 0.6 
mm. For brevity, only the results for the 70 kVp (Figures 4.22 and 4.23) and 90 kVp (Figures 
4.24 and 4.25) primary X-ray beams are shown, however the remaining measured X-ray 
spectra can be found in Appendix A.3. All results for the 140o concrete-scattered X-ray 
spectra have been normalised to the number of counts. 
53 
 
 
Figure 4.22 - Comparison of a 70 kVp primary X-ray beam with no additional copper 
filtration with the measured X-ray spectrum scattered through 140o from a concrete block. 
 
Figure 4.23 - Comparison of a 70 kVp primary X-ray beam with 0.6 mm of additional copper 
filtration with the measured X-ray spectrum scattered through 140o from a concrete block. 
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Figure 4.24 - Comparison of a 90 kVp, primary X-ray beam with 0 mm of copper filtration 
with the measured X-ray spectrum scattered through 140o from a concrete block. 
 
Figure 4.25 - Comparison of a 90 kVp primary X-ray beam with 0.6 mm of additional copper 
filtration with the measured X-ray spectrum scattered through 140o from a concrete block. 
A summary of the effective energies of all input primary X-ray beams, along with the 
measured 140o concrete-scattered X-ray spectra is shown in Table 4.3 and graphically in 
Figure 4.26. The error bars in Figure 4.26 correspond to the ± 2% uncertainty associated with 
the measurement of X-ray energy. 
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Table 4.3 - Comparison of the effective energy of primary X-ray beams and their 
measured concrete-scattered X-ray spectra at a scattering angle of 140o 
 
 
 
Figure 4.26 - Comparison of the effective energy of primary X-ray beams and their measured 
concrete-scattered X-ray spectra at a scattering angle of 140o. 
Figure 4.26 illustrates an interesting cross over in effective energies between the concrete-
scattered X-rays resulting from the 0.6 mm copper filtered primary X-ray beams, and the 
non-filtered primary X-ray beams themselves. Figure 4.26 demonstrates that the 140o 
concrete-scattered X-rays resulting from a 0.6 mm copper filtered primary X-ray beam have 
approximately the same effective energy as the non-filtered primary X-ray beam incident on 
the concrete for kVp’s between 60 and 80 kVp. This has implications should the 
effectiveness of potential tertiary radiation shielding materials require testing. A primary X-
ray beam of 85 kVp and 0.6 mm of additional copper filtration incident on a patient results in 
patient-scattered X-rays being incident on the concrete ceiling with an effective energy within 
the range of 48 to 56 keV (see Figure 4.14 within Experimental Scenario Two). The spectrum 
of these patient-scattered X-rays could conservatively be replicated with the 70 kVp, 0.6 mm 
X-ray Spectra 60 70 80 90
0 Cu Primary 39.6 45.1 49.8 53.9
0.6 Cu Primary 48.2 54.2 58.4 58.8
0 Cu 140o Scattered 36.4 40.4 43.7 46.1
0.6 Cu 140o Scattered 41.1 45.6 48.7 51.2
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copper filtered primary X-ray beam whose effective energy was calculated to be 
approximately 54 keV (see Figure 4.23). When the 70 kVp, 0.6 mm copper filtered X-ray 
beam was scattered off a concrete block as per the geometry defined in Figure 4.4, concrete-
scattered X-rays whose effective energy was approximately equivalent to a 70 kVp, non-
filtered primary X-ray beam were measured (Table 4.3 and Figure 4.26). This implies that if 
testing a material’s effectiveness in attenuating the tertiary radiation present within a clinical 
interventional radiology suite was to be undertaken, a 70 kVp, non-filtered primary X-ray 
beam could be used to replicate the X-rays originating from the concrete ceiling for the 
scenario shown in Figure 2.1. 
4.4 Discussion and Conclusion 
 
The principal findings of this work relate to measurements of X-ray spectra typically found 
within a clinical interventional radiology suite. The results from three separate experimental 
scenarios were reported. The principal findings of Experimental Scenario One were that the 
X-ray spectra measured within this work compare exceptionally well to those predicted by 
SpekCalc. The measured X-ray spectra for the five primary X-ray beams relevant to 
undertakings in Chapter Six were directly compared to the X-ray spectra predicted by 
SpekCalc. The largest variance between the effective energy of the measured X-ray spectra to 
that predicted by SpekCalc for the five primary X-ray beams was calculated to be 1.2%. This 
indicates excellent agreement between measured and predicted X-ray spectra data. 
The principal findings of Experimental Scenario Two were that the effective energies of the 
phantom-scattered X-ray spectra resulting from a clinically typical primary X-ray beam are 
equivalent for scattering angles larger than 80o. This finding led to the successful replication 
of the phantom-scattered X-ray spectra for scattering angles up to 80o, by five primary X-ray 
beams. The replication of patient-scattered X-rays by primary X-ray beams permits further 
experimentation and investigation where large fluences of patient-scattered equivalent X-rays 
are required. 
The principal finding of Experimental Scenario Three was that a large component of the 
tertiary radiation from a concrete ceiling incident on a Radiologist’s head within a clinical 
interventional suite can be replicated by a 70 kVp primary X-ray beam with no additional 
copper filtration. This finding has important implications for the testing of potential radiation 
protective devices specifically designed to shield against tertiary radiation. 
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The X-ray spectra resulting from the irradiation of a water phantom by an X-ray beam of 85 
kVp and filtrations of 0 mm, 0.3 mm and 0.6 mm was successfully measured for scattering 
angles of 20o through to 160o, in 10o increments. It was discovered that the effective energy 
of the phantom-scattered X-rays remained relatively uniform for scattering angles larger than 
80o for the incident primary X-ray beam with 0.6 mm of copper filtration. A similar trend was 
observed for the primary X-ray beam with 0.3 mm of copper filtration whereby the effective 
energy of the phantom-scattered X-rays decreased linearly up to a scattering angle of 120o. 
For scattering angles greater than 120o, the effective energy of the scattered X-rays remained 
uniform. When the unfiltered primary X-ray beam was incident onto the water phantom, 
scattered X-rays whose effective energies decreased linearly through all fifteen scattering 
angles were observed. The results obtained for the primary X-ray beam filtered with 0.6 mm 
of copper were of special relevance as this filtration is considered typical of clinical use. The 
fact that for this level of copper filtration, the effective energy of phantom-scattered X-rays 
remained consistent for scattering angles greater than 80o resulted in only five phantom-
scattered X-ray spectra requiring replication within Experimental Scenario Two.  Five 
primary X-ray beams acquired within Experimental Scenario One were matched to phantom-
scattered radiation for scattering angles of 20o, 30o, 40o, 60o and 70o. These five measured 
primary X-ray beams were ultimately compared to the SpekCalc predicted data and found to 
be in excellent agreement.   
The measurement of the concrete-scattered X-ray spectra undertaken in Experimental 
Scenario Three is believed to be something not previously undertaken. X-rays representative 
of those scattered by a patient through an angle of 20o in a clinical interventional suite, were 
incident onto a concrete block and the resulting X-ray spectra measured. This was undertaken 
for a number of incident and measurement angles. It was discovered that an increase in 
scattering angle from the concrete resulted in a decrease in the effective energy of the 
concrete-scattered X-ray spectra. Similarities in the effective energy of the input X-ray beam 
used within Experimental Scenario Three to the 0.3 mm copper filtered primary X-ray beam 
used within Experimental Scenario Two, led to a direct comparison of the scattering 
properties of the concrete and water phantoms used. It was discovered that for a given 
geometry, the effective energy of the concrete-scattered X-rays was higher than for those 
emerging from the water phantom. This is expected to be a result of the atomic number 
dependence of photoelectric absorption. Another interesting conclusion drawn from the 
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results of Experimental Scenario Three was that for a given concrete scattering angle, the 
angle of incidence onto the concrete is irrelevant.  
Further investigation into the spectra of concrete-scattered X-rays was undertaken for X-rays 
incident on the concrete at 70o and scattered through 140o. This geometry is representative of 
a large contribution of the tertiary radiation component incident on interventional staff’s 
heads (see figure 2.2). It was concluded that a primary X-ray beam of 70 kVp and no 
additional copper filtration could be used to successfully replicate the X-rays being scattered 
off a concrete ceiling for this geometry under typical conditions.  
To the best of the authors knowledge, there have been no previous studies undertaken to 
replicate patient-scattered X-rays with appropriately matched primary X-ray beams. The 
replication of phantom-scattered X-rays by primary X-ray beams was necessary in order to 
complete objectives outlined in Chapter Six. The ability to use primary X-ray beams as a 
surrogate for patient scatter for a number of scattering angles is expected to be extremely 
useful in a number of scenarios. One such example would be the measurement of the 
attenuation properties of potential radiation shielding implements. Using primary X-ray 
beams in this scenario results in the ability to use larger X-ray fluences, subsequently 
decreasing the inaccuracy of measurements.  
The measurement of concrete-scattered X-ray spectra is also believed to be novel and serves 
to expand on the existing body of knowledge relating to tertiary radiation within diagnostic 
imaging facilities. The discovery that for a given scattering angle from concrete, the incident 
angle is irrelevant to the concrete-scattered X-ray spectra, has potential implications when 
trying to classify the characteristics of tertiary radiation within an interventional suite. The 
ability to replicate the tertiary radiation incident on an interventional radiologist’s head under 
typical conditions by a 70 kVp primary X-ray beam with no copper filtration is expected to 
be useful to diagnostic medical physicists with an interest in radiation protection. Knowledge 
of the X-ray spectra incident on staff gives insight into the appropriateness of potential 
shielding materials.  
The existing literature reporting on measured X-ray spectra within the realm of diagnostic 
imaging is limited. The limited literature is not surprising given the inherent difficulty 
associated with the accurate measurement of X-ray spectra. The Amptek spectrometer is not a 
standard tool within the arsenal of a clinical diagnostic medical physicist and is more 
commonly used in research facilities such as a synchrotron. Experiments undertaken by 
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Marshall et al reported the effective energy of phantom-scattered radiation for two 
measurement points and two X-ray tube positions using a germanium X-ray detector 18. The 
effective energies reported by Marshall et al for these two points (corresponding to scattering 
angles of 90o and 135o) can be compared to the phantom-scattered effective energies for 
scattering angles of 90o and 130o reported in this work. Marshall et al reported effective 
energies resulting from an 85 kVp input primary X-ray beam of 43.7 keV and 40.7 keV for 
X-rays scattered through 90o and 135o respectively 18. For a primary X-ray beam with no 
copper filtration, the effective energies of 46.2 keV and 43.2 keV reported in this work for 
scattering angles of 90o and 130o respectively, compare very well to those reported in 
Marshall et al.  
Work by Zagorska et al reported on the results from Monte Carlo simulations used to 
estimate the X-ray spectra of phantom-scattered X-rays incident onto an operator’s head for 
an input primary X-ray beam of 70 kVp 30. The use of a 70 kVp primary beam energy 
unfortunately makes direct comparison with values obtained within this work impossible.  
The use of SpekCalc to compare measured and predicted primary beam X-ray spectra 
remains the best validation of accurate X-ray spectra measurements. For the five primary X-
ray beams chosen to replicate the phantom-scattered X-rays for various scattering angles, the 
largest variation in effective energy between the measured X-ray spectra to that predicted by 
SpekCalc was 1.2%. Comparison of measured and SpekCalc predicted data for primary X-ray 
beams of lower effective energy was also undertaken with good results. A variance between 
measured and predicted effective energy of a 50 kVp primary X-ray beam with no copper 
filtration resulted in a discrepancy of 3.4%. This small discrepancy gives confidence to both 
the water phantom and concrete-scattered X-ray spectra which were shown to have effective 
energies less than the primary X-ray beams used to generate them. 
To the best of the author’s knowledge, there is no literature reporting on the measurement or 
modelling of the concrete-scattered X-ray spectra within an interventional suite. Validation of 
concrete-scattered X-ray spectra would best be performed via Monte Carlo simulation, a task 
not undertaken within this body of work.  
The clinical impact resulting from the measurement of X-ray spectra within an interventional 
radiology suite is an increased knowledge of the energies of X-rays incident on staff. This 
knowledge of X-ray energies extends to those scattered directly from the patient as well as 
those scattering off a concrete ceiling. Knowledge of the X-ray spectra incident on staff gives 
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insight into the requirements for potential radiation protection measures. Within this body of 
work itself, the measurement of patient-scattered X-ray spectra ultimately leads to the ability 
to more accurately estimate concrete-scattered air kermas as investigated in Chapter Six. 
One potential limiting feature in this work is the use of a cylindrical water phantom to 
replicate a patient scatterer. The use of an anthropomorphic phantom (such as a RANDO® 
Phantom) would be highly advantageous when trying to replicate the scatter from an actual 
patient. The human body is not perfectly cylindrical and as such, using a cylindrical phantom 
to estimate the X-ray spectra scattered from a patient is not ideal. Although the results 
reported within Marshall et al compared well with those reported in this work, future 
attempts to measure the patient-scattered X-ray spectra should be undertaken using an 
appropriate anthropomorphic phantom or be done during actual clinical cases. The latter may 
prove difficult when interference with clinical staff and other required implements is taken 
into consideration.  
Another potential limitation present during the measurement of phantom-scattered X-ray 
spectra was the omission of table and mattress. Attempting to measure the phantom-scattered 
radiation at a scattering angle of 20o with the X-ray tube positioned directly under the table 
would require mounting the spectrometer above the patient/phantom. Spectrometers are 
sensitive (and expensive) instruments and its protection was prioritised during this work. As 
such, X-ray spectra measurements were confined to the horizontal plane to allow the 
spectrometer to be placed on a stable bench.  
Measuring the phantom-scattered X-ray spectra for an input primary X-ray beam of 85 kVp is 
considered relevant for typical screening conditions. The use of high dose rate acquisition 
generally results in the use of higher kVp primary X-ray beams. The measurement of patient-
scattered X-rays resulting from the use of higher kVp primary X-ray beams (100 and 120 
kVp for example) would help further extend the knowledge of X-ray spectra within an 
interventional suite. The use of high dose rate acquisition is generally accompanied by a lack 
of copper filtration, subsequently more high kVp combinations and less copper filtration 
combinations would be advisable should such work be undertaken in the future.  
As previously discussed, the use of service mode resulted in a fixed input X-ray field size of 
10 cm. Further investigation into the patient scattered air kerma for a given measurement 
angle but varying input X-ray field size would be a very informative undertaking. Field sizes 
of 25 cm and 48 cm for Cardiac Catheter and Digital Subtraction cases respectively are not 
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uncommon. Insight into how the patient scattered air kerma per unit DAP is affected by the 
change in input X-ray field sizes would add further accuracy to the estimation of the air 
kerma incident onto staff and or the concrete ceiling.  
In summary, agreement between the experimentally acquired and SpekCalc predicted X-ray 
spectra was excellent. This agreement gives validation to both the primary X-ray beam and 
scattered X-ray spectra measured and reported on within this work. The phantom-scattered 
X-ray spectra resulting from a primary X-ray beam of 85 kVp and various levels of copper 
filtration was shown to become softer (lower effective energy) as the scattering angle 
increased. As copper filtration was applied to the primary X-ray beam, a plateau in the 
phantom-scattered X-ray effective energy was observed at a scattering angle that was 
dependent on the amount of copper filtration. For a primary X-ray beam with 0.6 mm of 
copper filtration, the plateau was observed to occur at a scattering angle of 80o. Reducing the 
copper filtration to 0.3 mm resulted in the plateau occurring at 120o and was no longer 
observed at all when no copper filtration was applied. The plateau at 80o for the 0.6 mm 
copper filtered primary beam meant that only five patient-scattered X-ray spectra required 
replication by primary X-ray beams. These five primary X-ray beams were subsequently used 
in concrete-scattered air kerma experiments undertaken in Chapter Six. Phantom scattered X-
ray spectra for scattering angles of 20o, 30o, 40o, 60o and 70o were replicated by Five primary 
X-ray beams. The primary X-ray beam replicating the 20o phantom-scattered X-rays was 
used to evaluate the concrete-scattered radiation typical within a clinical interventional suite. 
Much like the X-rays being scattered by the water phantom, the concrete-scattered X-ray 
spectra was found to have a decreasing effective energy as the scattering angle was increased. 
A comparison between the water phantom and concrete-scattered X-ray spectra revealed that 
for a given scenario, the X-rays being scattered from the concrete had a higher effective 
energy than those scattering from the water phantom.  
An important finding that resulted in the ability of a 70 kVp primary X-ray beam with no 
copper filtration being able to replicate the tertiary radiation found within a clinical 
interventional radiology suite was also made. This has significant implications should the 
effectiveness of potential tertiary radiation shielding implements need to be easily tested.  
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Chapter Five 
The Measurement of Phantom-Scattered 
Air Kerma within a Typical Clinical 
Interventional Radiology Suite. 
5.1 Introduction 
 
An accurate estimation of staff doses within/around an interventional radiology suite, whether 
secondary or tertiary, relies heavily on accurate knowledge of the air kerma scattered off the 
patient at various angles. JR Williams developed an empirical model relating the patient-
scattered air kerma per unit Dose Area Product (herein referred to as AKscat/DAP) to the 
scattering angle 19. Subsequent work performed by Sutton et al investigated the influence of 
varying beam filtration on the original Williams figures 16.  This investigation was in 
response to the new generation of fluoroscopy units which can incorporate much higher 
levels of beam filtration (up to 1 mm of Copper) in an attempt to reduce the radiation dose to 
the patient’s skin.  Sutton et al replicated the experimental setup of Williams and were able to 
generate a numerical correction which could be applied to allow for the increased copper 
filtration for all scattering angles 16. 
Measurements by Williams and Sutton et al were taken with a patient equivalent RANDO ® 
phantom positioned in an upright position while the X-ray beam was directed horizontally. 
The resultant phantom-scattered air kerma was measured in the horizontal plane, thus 
omitting the influence of any table/patient support or the X-ray tube angle. Patients 
undergoing interventional procedures are unlikely to be positioned in this manner. The vast 
majority of patients will be positioned in a supine (lying on the table/patient support face up) 
manner and consequently, the effect of the table/patient support on the patient-scattered air 
kerma warrants investigation. Furthermore, the influence from the table/patient support is 
expected to vary with X-ray tube angle.  
This chapter describes experimental studies of the influence of the table/patient support and 
the X-ray tube angle on the measured values of  AKscat/DAP for various scattering angles. 
The results will be used to generate an empirical equation capable of estimating the 
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AKscat/DAP for a particular X-ray tube angle and scattering angle. A subsequent comparison 
with the results contained with the Williams and Sutton et al papers will also be made. 
5.2 Materials and Methods 
 
Refer to Figure 5.1 for subsequent referencing of all angles used. The frame of reference used 
is that of an observer standing at the foot end of the table/patient support looking towards the 
patient’s head. All angles referred to in this chapter are measured in a clockwise sense. 
The term ‘measurement angle’ refers to the position of the R/F meter (Raysafe, Billdal, 
Sweden), with calibration to a known national standard) and was measured from the vertical 
plane with 00 vertically upward and 900 directly to a supine patient’s left hand side. The 
incident X-ray tube angle uses the same angular referencing, where 900 would represent the 
X-ray tube directly to a supine patient’s left hand side, 1800 would be directly underneath and 
2700 would be to a supine patient’s right hand side. The basic definition of the scattering 
angle remains unchanged from previous chapters and is defined as the angle between the 
projected path of the incident X-rays and that of the scattered X-rays. Both positive and 
negative scattering angles are defined since symmetry is removed by the inclusion of the 
patient support. 
 
Figure 5.1 - Definition of angles used during the measurement of phantom-scattered 
air kerma. 
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Figure 5.1 shows the water phantom resting on a table/patient support with the R/F meter 
positioned at a measurement angle of 200. At this position, X-rays scattered through an angle 
of -300 will be measured from an X-ray tube positioned at 2300. Repositioning the X-ray tube 
at 1700 will cause +300 scattered X-rays to be detected. 
Using the configuration shown in Figure 5.1, the scattering angle can be defined as: 
Scattering Angle, θscat (0)  =  Measurement angle (0)  –  X-ray Tube incident angle (0)  +  180 
The Siemens Service control menu was used to generate controlled X-ray exposures from the 
A-plane X-ray tube in acquisition mode. In keeping with the work of Sutton et al, 85 kVp and 
0.6 mm of copper filtration was used since this represents a beam quality typical of that used 
during fluoroscopic screening 16.  The exact parameters used for each acquisition are shown 
in Table 5.1.  
kVp 85 
Copper Filtration (mm Cu) 0.6 
mAs 80 
Field Size (cm, diagonal) 10 
Focal Spot to Image Detector Distance 
(cm) 
120 
Focal Spot Size Large 
Focal Spot to Isocentre Distance (cm) 67.5 
Table 5.1 - Acquisition parameters set in the service menu for the measurement of phantom-
scattered Air Kerma. 
The Dose Area Product (DAP) for an acquisition was manually evaluated because the output 
DAP of the system does not display while in the service menu. A Fuji (Fuji, Minato, Japan) 
Computed Radiography (CR) plate was exposed to an acquisition and the resulting image 
processed with ImageJ software in order to measure the field size 31. The field size was 
evaluated multiple times in order to assign a conservative uncertainty of 2%.  The R/F meter 
was then used to take 20 measurements of the air kerma for an acquisition at the CR plate 
position. The DAP was evaluated by multiplying the beam area and average measured air 
kerma. The uncertainty associated with the input DAP was conservatively evaluated in 
quadrature to be ± 2.7% (1.8% associated with the calibration accuracy of the R/F meter and 
2% to the evaluation of the beam area).  
66 
 
To assist in the measurement of phantom-scattered air kerma, both A and B planes of the 
biplane fluoroscopy unit were utilised. As with all experiments within this chapter, the floor 
mounted A-plane was used as the source of X-rays. The Siemens water phantom was 
positioned at isocentre and the R/F meter mounted on the B-plane to allow the measurement 
of phantom-scattered air kerma for varying X-ray tube and measurement angles. To minimise 
the measurement of X-ray tube leakage and scatter from tertiary sources (such as the floor 
and ceiling for example), a 2 mm thick sheet of lead was positioned around the R/F meter. 
The lead shielding was arranged such that only radiation originating from the vicinity of the 
water phantom/patient support was measured.  
Measurements were made for various combinations of measurement angle and X-ray tube 
incident angle. This was accomplished by rotating the B-plane until the R/F meter was 
positioned at the first measurement angle. The A-plane X-ray tube was then rotated to 50o 
(limit of rotation) and a series of 3 measurements taken. Measurements were then made for 
all possible X-ray tube positions in 10o increments. Once all possible X-ray tube angles had 
been evaluated, the X-ray tube was returned to 50o and the measurement angle incremented 
by 10o. The process was repeated until all possible combinations of measurement angles 
between 10o and 90o and X-ray tube angles between 50o and 310o were evaluated. For each 
measurement, the distance from the centre of the water phantom to the R/F meter was 
measured using a Bosch GLM 80 laser measurement tool (Bosch, Stuttgardt, Germany). This 
distance is required to enable the inverse square correction of the measured phantom-
scattered air kerma to a distance of 1 m. The focus to the centre of the water phantom 
distance was measured at each evaluated incident angle and all found to be within 5 mm of 
675 mm. It should be noted that these small variations in distance will have no effect on input 
DAP as any variation in distance is counteracted by the relative difference in field size. The 
only influence these small variations in distance will have are minor changes to the X-ray 
scattering area on the water phantom. It was calculated that a difference in the distance 
between the focal spot and centre of the water phantom of 5 mm will affect the scattering 
area by less than 2%. This negligible change in scattering area is not expected to have any 
notable impact on the acquired results.  
It should be noted that for any given measurement angle, there were a number of X-ray tube 
incident angles for which measurements could not be taken. This was due to the A-plane 
image detector blocking the scattered X-rays directed towards the R/F meter. The 
experimental setup is show in Figure 5.2. 
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Figure 5.2: Experimental setup for the measurement of patient-scattered air kerma. 
 
The primary sources of uncertainty encountered within this experiment are shown in Table 
5.2. 
 
Table 5.2 - Primary sources of uncertainty for the measurement of the phantom-
scattered air kerma per unit DAP 
The overall uncertainty associated with the reported values of AKscat/DAP was based heavily 
on the positioning of the X-ray tube and R/F meter. Using the angular positioning displayed 
on the Artis Zee system, it was determined that both the X-ray tube and R/F meter could be 
accurately positioned to within 0.5o of the true value. Since the scattering angle is determined 
using both the X-ray tube and R/F meter positions, an uncertainty of 1o was assigned to the 
scattering angle. The average difference between adjacent measurements (10o apart) was 
calculated for all acquired data. Assuming a linear trend between adjacent points, the 
interpolated average difference between adjacent measurements taken 1o apart was calculated 
to be approximately 1.7%. The combined uncertainty associated with the distance between 
the water phantom and R/F meter (inverse square corrected), calibration of the R/F meter, 
Source Uncertainty
Positioning of X-ray Tube 0.5o
Positioning of R/F meter 0.5o
Distance between water phantom and R/F meter 0.5%
Calibration of R/F meter 1.8%
68 
 
DAP and previously mentioned variation in measurements 1o apart, was evaluated in 
quadrature.  The overall uncertainty of the reported values of AKscat/DAP is estimated to 
conservatively be less than 4%.  
The results of this chapter will be used to estimate the patient-scattered air kerma reaching a 
concrete ceiling, the first step of a tertiary radiation estimate. An example calculation of 
patient-scattered air kerma incident on a concrete ceiling (limited to the transverse plane for 
this example) would require the following steps: 
1. Separating the ceiling into a number of evaluation points,  
2. Calculation of the scattering angle, θscat, applicable to each point,  
3. Evaluation of the patient-scattered air kerma for that value of θscat and 
4. Inverse square correcting for the distance.  
The scenario of an interventional radiology suite with a concrete ceiling slab 3 m above the 
patient (floor to ceiling height of 4 m) was evaluated using the model proposed in this work, 
and comparisons made with both the Williams and Sutton et al models. It is important to note 
that the patient-scattered air kerma reaching the ceiling is dependent on the X-ray tube angle 
when using the model proposed in this work. Calculations were therefore made for all 
possible X-ray tube angles to allow for thorough comparison. Comparison of the 3 models 
was undertaken for the following three scenarios: 
Comparison Scenario One: 40 m length of ceiling evaluated in 0.1 m steps 
This scenario would represent evaluation of a very large suite where a large section of ceiling 
requires evaluation. For such a large area of ceiling to be considered, a large distance 
between the patient and shielded walls would be necessary and the shielding would be of 
minimal height (2.1 m).  
Comparison Scenario Two: 20 m length of ceiling evaluated in 0.1 m steps 
This scenario would be indicative of the area of ceiling requiring evaluation for a typical suite 
approximately 10m wide (patient centred in the room) and a shielded barrier height of 2.7 m.  
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Comparison Scenario Three: 10 m length of ceiling evaluated in 0.1 m steps 
This scenario would be more indicative of the calculation performed on a staff member 
working within a suite, standing behind a pull down lead equivalent screen. In this 
scenario, the geometry would dictate a smaller area of ceiling for consideration.  
5.3 Results 
 
The ratio of phantom-scattered air kerma to input DAP (AKscat/DAP) was evaluated at 
measurement angles from 10O to 900, for X-ray tube incident angles from 50o to 3100. The 
scattering angle for each measurement was calculated to allow direct comparison with the 
Williams and Sutton et al values. It should be reiterated that both the Sutton et al values and 
values from this work are for an 85 kVp input primary X-ray beam with 0.6 mm of copper 
filtration. The values obtained by Williams are for an 85 kVp primary X-ray beam however 
with no copper filtration applied. Figure 5.3 shows the calculated values of AKscat/DAP as a 
function of scattering angle (θscat). For clarity, only three measurement angles (10o, 50o and 
90o) are shown. 
 
 
Figure 5.3 - AKscat/DAP as a function of scattering angle (θscat) for various measurement 
angles. 
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Williams and Sutton et al data is shown in Figure 5.3 for comparison where appropriate unit 
conversions have been made. With the exception of small θscat (±30o to ±600), Figure 5.3 
illustrates good agreement between the values measured in this work and those of the original 
Williams figures which were measured using an input X-ray beam with no additional 
filtration. For the small positive scattering angles (+30o ≤ θscat ≤ +600) the results of Sutton et 
al are marginally higher than the results of this study.  
From Figure 5.3, it is evident that for larger values of θscat, some level of symmetry exists 
around 0o. In an ideal scenario with no external influences (such as the table/patient support), 
the phantom-scattered air kerma measured for a particular scattering angle would be 
independent of the actual direction in which it was scattered (i.e the scattered air kerma at      
-300 would be equivalent to that measured at +300). The results in Figure 5.3 indicate that the 
effect of the table/patient support is most evident at θscat of ±30o to ±60o. 
It was initially assumed that a separate relationship relating AKscat/DAP and scattering angle 
would be required for each measurement angle. The results shown in Figure 5.3 demonstrate 
the small effect that the measurement angle has on AKscat/DAP for a given scattering angle. 
For this reason, the values for a given scattering angle from all measurement angle datasets 
were grouped and the 75th percentile and maximum values calculated. A relationship 
describing the maximum values measured at any of the measurement angles for a given 
scattering angle would represent a conservative approach. Similarly, a relationship based on 
the 75th percentile was determined to be statistically closer to the measured values when 
averaged over all scattering angles, but could potentially underestimate individual points.  
Williams was able to fit a fourth order polynomial to his data 19. Polynomial fits of orders up 
to 6 were applied to the data from Figure 5.3 with poor success. Consequently, an alternative 
approach based around the expectation of symmetry around θscat of 00 was implemented. It 
was hypothesised that the system could be modelled by a symmetric relationship at large θscat 
which is perturbed by the influence of the table/patient support at small θscat. Using this idea 
of symmetry, the maximum and 75th percentile values for each scattering angle were plotted 
and any points that disturbed the symmetry were removed. The results are shown in Figure 
5.4. 
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Figure 5.4 - Quadratic trend fitted to maximum values for large scattering angles. 
Figure 5.4 shows the strong quadratic trend (r2 = 0.98) between AKscat/DAP and θscat when 
selected small θscat values have been omitted. Since the maximum and the 75th percentile 
values are so close, the trend defining the maximum values has been adopted for these 
scattering angles. Similarly, the maximum and 75th percentile values were plotted for the 
small values of θscat omitted in Figure 5.4. The results are shown in Figure 5.5. 
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Figure 5.5 – Quadratic trend fitted to the maximum values for small scattering angles. 
Figure 5.5 shows the 75th percentile and maximum values for the small values of θscat omitted 
from Figure 5.4. The quadratic trend (R2 > 0.95) for the maximum values is shown. This 
work uses the maximum value quadratic trend shown in Figure 5.5 to represent the values for 
AKscat/DAP for θscat between -50o and +80o. 
The coefficients for the calculation of AKscat/DAP versus scattering angle θscat that can be 
used to model the phantom-scattered radiation are shown in Table 5.3. Using the coefficients 
found in Table 5.3 with Equation 5.1, values of AKscat/DAP, which are on average 10% 
higher than those measured, are calculated.  
 
θscat (o) a b c 
 -150 to -50, 80 to 150 4.74 x 10-6 1.55 x 10-5 2.89 x 10-3 
 -50 to 80  -3.25 x 10-6 2.60 x 10-4 3.24 x 10-2 
Table 5.3 - Coefficients for the calculation of AKscat/DAP from the scattering angle 
θscat. 
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AKscat/DAP (Gy/Gy.m2)  =  a *θscat2  +  b *θscat  +  c 
Equation 5.1 - Empirical equation for AKscat/DAP at varying scattering angles 
Comparison of the model developed in this work with those of Williams and Sutton et al are 
shown in Figure 5.6. 
 
 
Figure 5.6 - Comparison of the values for AKscat/DAP using the empirical equation 
developed in this work with existing models. 
With the exception of -70o ≤ θscat ≤ 800, there is very good agreement between the model 
developed in this work and the original Williams figures. The calculated values for 
AKscat/DAP for θscat between ±30o have been purposely omitted from Figure 5.6. X-rays 
scattered through angles between ±30o are of little relevance since they represent scattered X-
rays that will be intercepted by the image detector. For X-rays scattered through these angles 
to bypass the image detector, a large distance between the patient and the image detector 
would be required. Positioning the image detector in this way would be very unorthodox 
since reduced image quality and increased patient dose would result. Clinically, ±30o is likely 
to be the smallest θscat that would not be fully intercepted by the image detector.  
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There are two notable discrepancies between the values estimated by the empirical model 
developed in this work with the original Williams figures. The first being for a θscat of -50o 
where the result of this work is 60% below the value of AKscat/DAP estimated by Williams. 
The second notable discrepancy lies in the range of 30o ≤ θscat ≤ 80o where this work estimates 
an AKscat/DAP value that is as much as 60% higher than that of Williams. The application of 
the numerical correction proposed by Sutton et al results in a considerable overestimate 
across all values of θscat with the exception of values between +300 and +500 for which there 
is good agreement.  
The model proposed in this work is based upon the idea of symmetry at large values of θscat 
which is perturbed asymmetrically for small values of θscat. One possible explanation for this 
phenomenon is presented in Figure 5.7. 
 
 
Figure 5.7 - Variation between positive and negative scattering angles. 
Figure 5.7 shows a water phantom positioned on the table/patient support and the R/F meter 
positioned at 200. In Figure 5.7, the X’s depict the X-ray tube angle for the corresponding 
θscat, the shaded sections show example incident beams that provide measurement of ±600 
scattered X-rays while the dashed arrows show X-rays which have being scattered by both 
the water phantom and table/patient support. For the arrangement shown in Figure 5.7, it is 
evident that large magnitude scattering angles represent back-scatter from the entrance side of 
R/F Meter at 20o 
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the phantom with the table/patient support on the far side. It is understandable that in such 
cases, the effect of the table/patient support is minimal. 
The results shown in Figure 5.6 demonstrate that AKscat/DAP is always larger when measured 
for a positive θscat. It is expected that this observation is directly linked to the fact that the R/F 
meter was only used to record scattered air kerma within the angles of 10o to 90o (top right 
hand quadrant). Under these conditions, X-ray tube angles corresponding to positive values 
of θscat produce X-rays that once scattered (by either the table/patient support or water 
phantom), are then able to reach the R/F meter with minimal likelihood of interaction on the 
way. For positive values of θscat, the R/F meter was able to measure X-rays that had been 
directly scattered from the table/patient support as well as radiation which was first back-
scattered from the entrance side of the water phantom and subsequently scattered to the R/F 
meter from the table/patient support. This is not the case for X-ray tube angles corresponding 
to negative values of θscat for which X-rays being scattered off the table/patient support must 
subsequently pass through the water phantom to reach the R/F meter. 
The detection of table/patient support scattered X-rays will be less relevant at large θscat 
where any measurements will be dominated by the back-scattered air kerma from the 
entrance side of the water phantom 16,19. As the scattering angle decreases, the amount of 
scattered radiation fully penetrating the water phantom will be greatly reduced. Under these 
circumstances, the influence from the interactions with the table/patient support, both from 
direct and indirect interaction (indirect interactions being when the radiation is initially back-
scattered from the water phantom), will be more prevalent. These concepts are depicted in 
Figure 5.7 for two x-ray tube angles providing ±60o scatter to the R/F meter positioned at 20o. 
These two X-ray tube positions are analysed separately below: 
1) The X-ray tube positioned at 2600 which results in θscat = -600.  
This incident beam will not be attenuated by the table/patient support. The majority of 
incident X-rays will be back-scattered towards the X-ray tube with some of these 
interacting with the table/patient support. Of the scattered X-rays interacting with the 
table/patient support, only a small percentage will penetrate the water phantom and reach 
the R/F meter. The resulting X-rays reaching the R/F meter will be predominantly those 
that have only interacted with the water phantom, with only a small contribution from 
secondary back-scatter from the table/patient support. 
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2) An X-ray tube positioned at 140o which results in θscat = +600.  
This incident beam will be attenuated by the table/patient support. Some of the X-rays 
being scattered by the table/patient support will reach the R/F meter directly. The 
majority of X-rays incident on the water phantom will be back-scattered towards the X-
ray tube with some of these interacting with the table/patient support. Of the back-
scattered X-rays interacting with the table/patient support, a small percentage will be 
directed back toward the water phantom. Another small percentage of these back-
scattered X-rays will undergo scattering with the table/patient support and be directed 
towards the R/F meter. In this scenario, scattered X-rays are able to reach the R/F meter 
without having to traverse the thickness of the water phantom (from being directly 
scattered by the table/patient support or by first back-scattering off the water phantom 
onto the table/patient support). The geometry of this scenario yields two additional 
pathways provided by the table/patient support for scattered X-rays to reach the R/F 
meter.  
It is likely that the two scenarios outlined above provide explanation into some of the 
possible factors responsible for AKscat/DAP being larger for positive values of θscat. It also 
illustrates the importance of considering the experimental setup used to generate the 
coefficients found in Table 5.3. Care must be taken when attempting to estimate AKscat/DAP 
for negative measurement angles since the use of an incorrectly signed θscat can result. 
Although only positive measurement angles were evaluated in this work, negative 
measurement angles are inherently known by virtue of symmetry. For example, the 
AKscat/DAP recorded at a measurement angle of 100 and an X-ray tube angle of 900, will be 
identical to that measured at a measurement angle of -100 (or 3500) and an X-ray tube angle 
of 2700. 
The first step in estimating the tertiary radiation contribution for any room relies on accurate 
estimation of the patient-scattered air kerma incident on the concrete ceiling from inside the 
suite. The scenario of an interventional radiology suite with a concrete ceiling slab 3 m above 
the patient (floor to ceiling height of 4 m) has been evaluated for the three varying geometries 
outlined within section 5.2 using the model proposed in this work. These results were then 
compared with those obtained by using both the Williams and Sutton et al models. It is 
important to note that the patient-scattered air kerma reaching the ceiling is dependent on the 
X-ray tube angle when using the model proposed in this work. Calculations were therefore 
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made for all possible X-ray tube angles to allow for thorough comparison. The comparison 
between the results obtained using the three models is shown in Table 5.4, where all 
discrepancies have been normalised to the results obtained using the model proposed in this 
work. 
  
Largest Relative Difference for 
single X-ray tube angle 
Average Relative 
Difference over all X-ray 
tube angles 
Scenario Williams Sutton et al Williams Sutton et al 
1 0.76 @ 1900 1.92 @ 3000 0.87 1.40 
2 0.66 @ 1800 1.71 @ 700 0.86 1.37 
3 0.63 @ 1800 1.64 @ 1000 0.84 1.35 
Table 5.4 - Comparison of the patient-scattered air kerma reaching a concrete ceiling slab. 
The results in Table 5.4 indicate that using the model proposed by Williams will lead to an 
underestimate of the patient-scattered air kerma reaching the ceiling when compared to the 
findings of this work. This underestimate is most prevalent when the geometry outlined in 
scenario three is simulated assuming the entire X-ray workload is conducted with the X-ray 
tube positioned at 1800. Evaluating the patient-scattered air kerma reaching the ceiling under 
these conditions will yield a result which is approximately 37% below that calculated using 
the model proposed in this work. This underestimate is reduced to 16% if the X-ray tube 
angle is assumed to be evenly spread over all possible angles for the considered workload.  In 
contrast to the underestimation by the Williams model, adopting the model of Sutton et al 
will lead to considerable overestimation. This is best illustrated when scenario one is 
evaluated using the assumption that all radiation is produced at an X-ray tube angle of 3000. 
Under these circumstances, the patient-scattered air kerma reaching the ceiling via the Sutton 
et al model is approximately 92% higher than the value calculated using the model proposed 
in this work. This overestimate is reduced to 40% when the X-ray workload is evenly spread 
over all possible X-ray tube angles.  
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5.4 Discussion and Conclusion 
 
An empirical equation relating the phantom-scattered air kerma per unit DAP (AKscat/DAP) 
and scattering angle (θscat) within an interventional radiology suite has been developed. 
Expanding on previous work, this model allows for the influences of increased beam 
filtration, the table/patient support and variation of X-ray tube angle. These factors have been 
evaluated because they specifically relate to patient-scattered air kerma within an 
interventional radiology suite. The lack of table/patient support and use of a single X-ray tube 
incident angle in the existing models resulted in symmetry of results regardless of the 
direction of scatter (for example the patient-scattered air kerma at 40o clockwise was 
equivalent to that at 40o counter clockwise). This symmetry was not observed in this work. 
The inclusion of the table/patient support, along with the variation of X-ray tube angle 
resulted in asymmetry for a number of scattering angles. It was shown that the relationship 
between AKscat/DAP and  θscat within an interventional radiology suite can be best modelled 
via two quadratic equations. The first quadratic represents the relatively symmetric trend of 
AKscat/DAP for large θscat while the second was used to represent the relatively asymmetric 
relationship for small θscat. 
This work expands on existing models through the incorporation of the table/patient support 
and variation of X-ray tube angle during the measurement of phantom-scattered air kerma. 
Incorporating the table/patient support was done in order to verify the validity of using 
existing models when attempting to calculate the patient-scattered air kerma reaching a 
concrete ceiling slab inside a clinical interventional radiology suite where the table/patient 
support will generally be within the primary beam. Within such a suite, it was discovered that 
using the Williams model would underestimate the patient-scattered air kerma reaching the 
ceiling. Conversely, adopting the Sutton et al model would lead to a sizeable overestimate, 
thus showing the importance of allowing for the table/patient support and variation of X-ray 
angle. 
The main limitation of this work is expected to be the adoption of a cylindrical water 
phantom as a patient surrogate (scatterer). This was necessary due to the lack of access to an 
anthropomorphic RANDO® phantom which was used in both the Williams and Sutton et al 
papers. Undertaking this experiment again using various levels of copper filtration (0 mm and 
0.3 mm in particular) would prove insightful and give more flexibility for tertiary radiation 
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modelling. The 0.6 mm of copper filtration utilised in this work is typical of fluoroscopic 
screening 8. The other imaging mode utilised in interventional radiology suites is high dose 
rate acquisition mode. High dose rate acquisitions (high dose images of increased image 
quality taken for recording purposes) typically use no copper filtration as well as elevated 
kVp’s. Knowledge of how the phantom-scattered air kerma is affected by the removal of all 
copper would allow for separate tertiary radiation contributions for screening and acquisition 
modes to be estimated, thus leading to a more accurate estimate. 
In summary, this section successfully generated an empirical equation which allows for the 
estimation of the scattered air kerma originating from a phantom at various angles under 
typical clinical interventional conditions. The inclusion of both the table/patient support and 
varying X-ray tube angles in this study expanded on the work previously undertaken by both 
Williams and Sutton et al. In an example scenario where the patient-scattered air kerma 
reaching a concrete ceiling slab was being evaluated, it was found that the values generated 
using the relationship determined in this work were larger than those estimated by the 
Williams model, however considerably less than those of the Sutton et al model. 
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Chapter Six 
The Measurement of Concrete-Scattered 
Air Kerma within a Typical Clinical 
Interventional Radiology Suite. 
 
6.1 Introduction 
  
The amount of scattered air kerma originating from a phantom at varying angles was well 
established in Chapter Five. This chapter aims to quantify the amount of this phantom-
scattered air kerma that is then able to further scatter off concrete when the incident and 
scattering angles are taken into consideration. Furthermore, primary X-ray beams replicating 
the X-rays scattered from a patient through different scattering angles (see Experimental 
Scenario Two in Chapter Four) will be incident on the concrete block. The variation in the 
incident X-ray spectra will give insight into how the effective energy of the X-rays incident 
on the concrete influence the concrete-scattered air kerma. 
Preliminary work undertaken by Martin et al investigated the concrete-scattered air kerma per 
unit Dose Area Product (CSAK/DAP) 8. Measurements were made using a mobile general X-
ray unit as a source of X-rays incident on a concrete wall for certain defined geometries. The 
work of Martin et al assumed a single X-ray spectrum and incident X-ray beam angle of 45o 
to be well representative of all patient-scattered X-rays incident on a concrete ceiling slab 
within an interventional radiology suite. This chapter aims to build on the work of Martin et 
al by further investigating the effect that varying the incident angle has on the amount of air 
kerma being scattered off concrete at various angles. Furthermore, the results from Chapter 
Four are utilised such that the X-ray beams incident onto the concrete are more representative 
of those being scattered from the patient. This work incorporates four primary X-ray beams 
corresponding to X-rays scattered from a patient at four varying angles to evaluate the 
CSAK/DAP. Primary X-ray beams corresponding to phantom-scattered X-rays for scattering 
angles of 20o, 30o, 40o and 70o from Table 4.2, will be incident on a concrete block and the 
concrete-scattered air kerma for different geometries evaluated. Using the experimental 
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results obtained, an empirical equation capable of estimating the concrete-scattered air kerma 
for a given scattering angle, input DAP, incident X-ray spectrum and incident angle will be 
generated. Such an equation is critical in being able to accurately estimate tertiary radiation 
contributions to staff from concrete ceiling slabs/floors.  
 
6.2 Materials and Methods 
 
Much like the measurement of phantom-scattered air kerma covered in Chapter Five, the 
DAP is used as the input metric when evaluating the concrete-scattered air kerma. This work 
incorporates four primary X-ray beams corresponding to X-rays scattered from a patient at 
four varying angles to evaluate the CSAK/DAP. Using these four primary X-ray beams, the 
CSAK/DAP for various input X-ray spectra (and therefore different effective energies) and 
incident/scattering angles was evaluated. The concrete-scattered air kerma per unit DAP was 
evaluated using the following methodology. 
The concrete block was positioned standing upright on the patient support, and the centre of 
the block positioned at isocentre (approximately 675 mm from the focal spot). The Artis Zee 
system was put into service mode to allow for reproducible, controlled bursts of X-rays. The 
input DAP to the concrete block was evaluated for each X-ray spectra being evaluated via 
direct measurement of the field size and concrete entrance air kerma. The field size was 
evaluated by exposing a Fuji (Fuji, Minato, Japan) CR cassette, which was placed on the face 
of the concrete block, to a burst of X-rays from the B-plane X-ray tube. The X-ray field size 
was set at 10 cm at 120 cm Focus to Image Detector Distance (FID), this being the fixed field 
size while in service mode. The resulting image was processed using Image J software 31 and 
the field size evaluated multiple times in order to assign a conservative uncertainty of 2%.  
A selection of four X-ray spectra from Chapter Four were chosen for evaluation. The X-ray 
spectra for phantom-scattered X-rays scattered through an angle of 60o was not investigated 
in this chapter due to the considerable time taken to acquire the data for each X-ray spectra. It 
was decided that the X-ray spectra corresponding to 60o and 70o phantom-scattered X-rays 
were not unique enough to warrant individual consideration. The four selected X-ray spectra 
chosen for evaluation are shown in Table 6.1. 
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Table 6.1 - Primary X-ray beams selected for the measurement of concrete-scattered 
air kerma. An increase in the Phantom-scattered angle corresponds to a decrease in 
the effective energy of the X-ray beam. These beam qualities were described in 
Table 4.2 in Chapter Four. 
In order to evaluate the air kerma incident on the concrete for each primary X-ray beam in 
Table 6.1, the R/F detector was positioned on the face of the concrete block at an identical 
distance from the focal spot to the position where the field size was evaluated. The kVp and 
any required copper filtration was set using the Siemens service menu and any aluminium 
filtration required was taped to the collimator face of the X-ray tube. The acquisition settings 
used in service mode are shown in Table 6.2. Note the kVp and copper filtration are 
dependent on the beam from Table 6.1 being evaluated. 
 
kVp Varied 
Copper Filtration (mm Cu) Varied 
mAs 80 
Field Size (cm, diagonal) 10 
Focal Spot to Image Detector Distance 
(cm) 
120 
Focal Spot Size Large 
Focal Spot to Isocentre Distance (cm) 67.5 
Table 6.2 - Acquisition parameters set in the service menu for the measurement of concrete-
scattered air kerma. 
A series of 20 air kerma measurements at the face of the concrete block were made by the 
R/F meter for each X-ray spectrum being evaluated. The average concrete incident air kerma 
for each X-ray spectrum was then multiplied by the measured field size in order to define the 
input DAP for each X-ray spectrum from table 6.1. The subsequent uncertainty associated 
Phantom Scattered Angle (o) Primary Beam of Best Match
20 85 kVp, 0.1 mm Cu, 4.3 mm Al
30 85 kVp, 6.3 mm Al
40 85 kVp, 4.3 mm Al
70 77 kVp, 4.3 mm Al
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with the input DAP was conservatively evaluated in quadrature to be ±2.7% (1.8% associated 
with the calibration accuracy of the RF meter and 2% to the evaluation of the beam area). 
It should be noted that when evaluating the tertiary radiation contribution from patient-
scattered X-rays incident onto a concrete ceiling, evaluation elements of 30 cm x 30 cm are 
proposed by Martin et al 8. Given that there is typically 3 m between the patient and concrete 
ceiling slab, a relatively narrow beam of X-rays incident onto each concrete element requires 
evaluation. Geometrically, a 30 cm x 30 cm field of X-rays at a distance of 3 m is 
approximately equivalent to a 10 cm (diagonal dimension as specified by Siemens) beam of 
X-rays at 67.5 cm. Subsequently, no allowance for angular variation between the 
experimental scenario and that typically being evaluated clinically is required.  
Once the input DAP for each X-ray spectrum being evaluated was defined, the R/F detector 
was mounted vertically to the centre of the A-plane mounting arm. This is illustrated in 
Figure 6.1. The vertical orientation was chosen as this led to negligible angular dependence 
within the plane being evaluated due to the very thin width of the R/F low detector. A 
conservative uncertainty of 0.5o was assigned to the positioning of the R/F detector 
attributable to the 1o resolution in angular positioning displayed by the Artis Zee system. For 
each measurement position, the distance from the R/F meter to the face of the concrete block 
was measured using a Bosch GLM 80 laser distance measurement tool (Bosch, Stuttgardt, 
Germany). This distance is required to enable the inverse square correction of the measured 
concrete-scattered air kerma to a distance of 1 m. Once the R/F meter was set in the desired 
measurement position, the B –plane X-ray tube was rotated to the desired X-ray incident 
angle. The definition of incident, measurement and scattering angles remains unchanged to 
that shown in Figure 4.4. The uncertainty of the incident angle was also assigned a 
conservative value of ± 0.5o due to the 1o resolution in angular position afforded by the Artis 
Zee system. The focus to concrete distance (FCD) was measured at each evaluated incident 
angle and all found to be within 5 mm of 675 mm. The small variations in FCD were found to 
have a negligible effect on the scattering area on the concrete (a difference of 5 mm in FCD 
translates to a change in scattering area less than 2%). It is important to note that differences 
in FCD will not affect the input DAP as the inverse square relationship of dose with distance 
is counteracted by the square relationship of field size with distance. Consequently, DAP is 
constant at any distance from the focal spot.  
85 
 
For each measurement position, three concrete-scattered air kerma measurements were taken 
for each possible incident angle and input X-ray spectrum. This led to the evaluation of the 
CSAK/DAP for X-ray incident angles of 50o through to 120o, and measurement angles of 90o 
through to 150o. The pull-down lead equivalent screen was carefully positioned between the 
B-plane X-ray tube and R/F detector to reduce the measurement of any X-ray tube leakage. 
This is also demonstrated in Figure 6.1. 
 
Figure 6.1 - Experimental setup for the measurement of concrete-scattered air kerma. 
The measurement of leakage and scattered radiation from sources other than the concrete 
block was evaluated to be less than 5% for the worst-case scenario where the R/F meter was 
as close to the X-ray tube as possible. This scenario was evaluated at a measurement angle of 
90o (R/F detector perpendicular to the concrete block) and the B-plane X-ray tube at an 
incident angle of 70o. The pull-down lead screen was still placed in between the RF detector 
and X-ray tube (as with all measurements) and a 2 mm thick sheet of lead positioned in 
between the concrete block and R/F detector to prevent the measurement of any X-rays 
originating from the concrete block. The largest component of this measurement is expected 
to be X-ray tube leakage which was measured to drop off dramatically as the distance 
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between the X-ray tube and R/F meter was increased. In the interest of conservatism, no 
correction was made for the measurement of air kerma from sources other than the concrete 
block. This results in any reported values for CSAK/DAP to be conservative by a factor as 
high as 5%. 
For each combination of incident X-ray spectrum and incident and measurement angle, the 
scattering angle was calculated and the average of the three concrete-scattered air kerma 
values calculated. The average concrete-scattered air kerma was inverse square corrected to a 
distance of 1 m. The CSAK/DAP was then defined by dividing the concrete-scattered air 
kerma by the input DAP for that X-ray spectrum.  
The overall uncertainty associated with the calculated values of CSAK/DAP was based 
heavily on the positioning of the X-ray tube and R/F meter. Using the angular positioning 
displayed on the Artis Zee system, it was determined that both the X-ray tube and R/F meter 
could be accurately positioned to within 0.5o of the true value. Since the scattering angle is 
determined using both the X-ray tube and R/F meter positions, an uncertainty of 1o was 
assigned to the scattering angle. The average difference between adjacent measurements (10o 
apart) was calculated using all acquired data. Assuming a linear trend between adjacent 
points, the interpolated average difference between measurements taken 1o apart was 
calculated to be approximately 0.8%. The combined uncertainty associated with the distance 
between the concrete and R/F meter (inverse square corrected), calibration of the R/F meter, 
DAP and previously mentioned variation in measurements 1o apart was evaluated in 
quadrature.  The overall uncertainty of the reported values of CSAK/DAP is estimated to 
conservatively be less than 2%.  
6.3 Results 
 
The data obtained for CSAK/DAP for varying concrete incident angles are shown plotted in 
Figures 6.2 through 6.5 for the four selected X-ray spectra shown in Table 6.1. It should be 
reiterated that the four primary beam X-ray spectra in Table 6.1 are representative of the X-
rays being scattered from a patient at four different scattering angles. As discovered in 
Chapter Four, an increase in the scattering angle from the patient results in a decrease in 
effective X-ray energy (see Figure 4.12). The data shown in Figures 6.2 through 6.5 
subsequently illustrates the CSAK/DAP for X-ray beams with varying effective energies that 
decrease with increased patient scattering angle.  
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Figure 6.2 - CSAK/DAP for varying scattering angles and X-ray tube incident angles 
for a primary X-ray beam representing X-rays being scattered off a patient at 20o    
(85 kVp, 0.1 Cu, 4.3 Al). 
 
 
Figure 6.3 - CSAK/DAP for varying scattering angles and X-ray tube incident angles 
for a primary X-ray beam representing X-rays being scattered off a patient at 30o   
(85 kVp, 6.3 Al). 
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Figure 6.4 - CSAK/DAP for varying scattering angles and X-ray tube incident angles 
for a primary X-ray beam representing X-rays being scattered off a patient at 40o  
(85 kVp 4.3 Al). 
 
 
Figure 6.5 - CSAK/DAP for varying scattering angles and X-ray tube incident angles 
for a primary X-ray beam representing X-rays being scattered off a patient at 70o  
(77 kVp, 4.3 Al) 
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Figures 6.2 through 6.5 demonstrate that for a given concrete incident X-ray spectra and 
scattering angle, the angle that X-rays are incident onto the concrete has a notable effect on 
the CSAK/DAP and hence cannot be ignored. Figures 6.2 through 6.5 also illustrate a strong 
linear trend between the CSAK/DAP and scattering angle for each of the four different input 
X-ray spectra. What is not directly evident from these figures is the variation in CSAK/DAP 
between the four different input X-ray spectra for a given X-ray tube incident angle. Figure 
6.6 shows the variation of the CSAK/DAP with scattering angle for a single X-ray tube 
incident angle of 60o, for the four X-ray spectra being evaluated.  
Figure 6.6 - CSAK/DAP for varying scattering angles and incident X-ray spectra for an X-ray 
tube incident angle of 60o. 
Figure 6.6 demonstrates that a decrease in effective energy of the input X-ray spectra 
(corresponding to larger scattering angles from the patient) results in a decrease in 
CSAK/DAP for a given incident and scattering angle. To put more generally, X-rays with a 
higher effective energy result in more CSAK/DAP. It is theorised by the author that the 
reason for the increase in CSAK/DAP with increasing incident X-ray effective energy is 
related to photoelectric absorption’s inverse cube dependence on X-ray energy. The 
likelihood of photoelectric absorption decreases with the cube of the X-ray’s energy. This 
relationship results in incident X-rays with a higher effective energy (scattered by the patient 
through smaller angles) being less likely to be absorbed, and more likely scattered from the 
concrete. This result implies that a larger amount of the radiation scattered from a patient at 
acute angles will scatter off a concrete ceiling and contribute to tertiary radiation. 
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In order to generate an empirical equation relating the CSAK/DAP to the incident and 
scattering angles for a given input X-ray spectrum, linear trends were fitted to the data shown 
in Figures 6.2 through 6.5. This resulted in each X-ray tube incident angle being assigned 
corresponding gradient and Y intercepts derived from the linear trend between the 
CSAK/DAP and scattering angle. It was subsequently discovered that plotting both the 
gradient and Y intercept values against the X-ray tube incident angle produced two more 
linear trends. By amalgamating these two linear trends, an empirical equation relating the 
CSAK/DAP to both the X-ray tube incident and scattering angles was derived for a given 
input X-ray spectrum. This process is best explained via an example. 
Using an example input X-ray spectrum corresponding to the 40o patient-scattered radiation, 
the plot of CSAK/DAP against scattering angle with linear trends fitted is shown in Figure 
6.7. 
 
Figure 6.7 - CSAK/DAP for varying scattering and incident X-ray angles for an 
incident X-ray spectrum representing X-rays scattered from a patient at 40o. Linear 
trends have been fitted. 
Calculating the values for Gradient (M) and Y intercept (C) for each X-ray incident angle 
from Figure 6.7 will yield the values shown in Table 6.3. 
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Table 6.3 - Gradient and Y intercept values from the linear trend lines from               
Figure 6.7. 
Plots of the gradient and Y intercept values from Table 6.3 against the X-ray tube incident 
angle are shown in Figures 6.8 and 6.9. 
 
Figure 6.8 – Gradient from Table 6.3 vs X-ray Tube Incident Angle. A linear Trend 
has been fitted (R2=0.99). 
X-ray Tube 
Incident Angle (o)
Gradient (M) Y Intercept (C)
50 1.99E-04 -9.69E-04
60 2.37E-04 -7.62E-03
70 2.70E-04 -1.36E-02
80 2.93E-04 -1.85E-02
90 3.23E-04 -2.44E-02
100 3.83E-04 -3.43E-02
110 4.21E-04 -4.19E-02
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Figure 6.9 – Y Intercept from Table 6.3 vs X-ray Tube Incident Angle. A linear 
Trend has been fitted (R2=0.99). 
As can be seen from Figures 6.8 and 6.9, a linear trend can be applied to the data in Figures 
6.8 and 6.9 with excellent agreement. This results in a linear trend between the CSAK/DAP 
and scattering angle, whose Gradient and Y Intercept can be defined by a linear relationship 
with the X-ray tube incident angle for a given input X-ray spectrum.  
CSAK/DAP (Gy/Gy.m2) = M1 * Scattering Angle (o) + C1 where 
M1 = M2 * X-ray tube incident angle(o) + C2 and C1 = M3 * X-ray tube incident angle(o) + 
C3 
If these three linear relationships are combined, we arrive at Equation 6.1: 
CSAK/DAP(Gy/Gy.m2) = (M2 * X-ray tube incident angle(o) + C2) * Scattering Angle(o) 
+ M3 * X-ray tube incident angle(o) + C3 
Equation 6.1 - Empirical equation for the calculation of CSAK/DAP for varying X-
ray tube incident and scattering angles. 
All that is left to do is to define the values for M2, C2, M3 and C3 from Equation 6.1 for each 
input X-ray spectrum. The values of M2, C2, M3 and C3 for each input X-ray spectrum are 
shown in Table 6.4. 
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Table 6.4 - Coefficients for the calculation of CSAK/DAP for varying input X-ray 
spectra. 
The values shown in Table 6.4 consist of the coefficients for Equation 6.1, an empirical 
equation used to calculate the CSAK/DAP value for a given X-ray tube incident angle, 
scattering angle and input X-ray spectrum. Equation 6.1 is based on two linear trends which 
while simplistic, yield results closer to those measured when compared to polynomial fits of 
orders 2 and higher. A comparison of the values estimated by Equation 6.1 with the values 
physically measured was undertaken. For each measured data point, the appropriate 
coefficients were used to estimate the CSAK/DAP using Equation 6.1. The mean percentage 
variation as well as the maximum deviation for any point for that input X-ray spectrum was 
calculated and the results shown in Table 6.5. The results in Table 6.5 have been normalised 
to the values predicted by the empirical model such that values greater than 1 imply the 
model has predicted a value for CSAK/DAP greater than that measured. 
 
Table 6.5 - Comparison of empirical equation predicted and measured values of 
concrete-scattered air kerma. 
Table 6.5 demonstrates that the average value for CSAK/DAP for a selected input X-ray 
spectrum over all incident and scattering angles, agrees exceptionally well with the measured 
data. When comparing individual points, the largest discrepancy of a 9% underestimate exists 
Patient 
Scattered 
Angle (o)
M2 C2 M3 C3
20 2.72E-06 1.14E-04 -5.82E-04 2.58E-02
30 1.19E-04 1.19E-04 -5.08E-04 2.16E-02
40 3.44E-06 2.61E-05 -6.34E-04 3.10E-02
70 2.91E-06 3.29E-05 -5.45E-04 2.69E-02
Patient 
Scattered 
Angle (o)
Average value of 
Calculated:Measured 
CSAK/DAP
Largest single 
deviation over all 
measured points 
(Calculated:Measured 
CSAK/DAP)
20 1.00 1.08 (Inc 50, Scat 150)
30 1.00 1.04 (Inc 50, Scat 140)
40 0.99 0.91 (Inc 130, Scat 150)
70 0.99 0.94 (Inc 130, Scat 150)
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for the input X-ray beam whose spectrum closely resembles that of the X-rays being scattered 
by a patient through an angle of 40o. 
The work of Martin et al successfully laid the foundation for estimating tertiary radiation 
contributions from concrete ceiling slabs within an interventional radiology suite 8. Two 
assumptions were made within the work of Martin et al, the first being that an angle of 45o 
was well representative of the angle of incidence for all X-rays incident on a concrete ceiling. 
The second assumption made was that the patient-scattered radiation incident on a concrete 
ceiling slab was well represented by primary X-ray beams with no copper filtration.  
A knowledge of the CSAK/DAP for incident angles larger than 450 is required for accurate 
estimation of the tertiary radiation from a concrete ceiling within an interventional radiology 
suite. This point is illustrated in Figure 2.2. Care should be taken when attempting a 
comparison of the values measured within this work to those reported by Martin et al. The 
scattering angle reported by Martin et al is not a true scattering angle and should be thought 
of more as an angle of emergence from the concrete. The “scattered angle” used throughout 
Martin et al is not indicative of the actual angle through which X-rays have been scattered. 
This can have significant effects on the value of CSAK/DAP when the angle of incidence 
onto the concrete is not 45o, as is assumed in the work of Martin et al. Table 6.6 shows a 
comparison between the CSAK/DAP measured in this work to the single value of 0.014 
mGy/mGy.m2 reported by Martin et al for X-rays incident onto concrete at 450 and emerging 
from the concrete at 450 (a scattering angle of 90o). A scattering angle of 45o by Martin et al 
definition, corresponds to a measurement angle of 135o within this work. Unfortunately, 
measurements at 135o were not made within this work however a value measured at 140o will 
still be worthy of comparison. To illustrate the limitation in assuming a uniform incident 
angle of 45o (as was used in the work of Martin et al), the CSAK/DAP measured at 140o for a 
number of varying incident angles is shown in Table 6.6 for all four input X-ray spectra 
corresponding to four different scattering angle from a patient. Using the work of Martin et al 
would yield a single value of 0.014 mGy/mGy.m2 for each of the geometries outlined in 
Table 6.6 as no allowance for the variation in incident angle was made. The values in Table 
6.6 are normalised to the values predicted by Equation 6.1. 
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Table 6.6 - Comparison of the concrete-scattered air kerma per unit DAP emerging 
from concrete at 50o (defined by Martin et al) for varying concrete incident angles. 
Within this work, concrete incident angles of 50o through to 120o were investigated 
where Martin et al used a single value of 45o for all measurements. 
As shown in Table 6.6, the angle of X-ray incidence on the concrete block has a notable 
effect on the amount of CSAK/DAP measured at a single measurement point. Table 6.6 also 
illustrates that the results obtained by Martin et al are significantly less than those obtained 
within this work. This discrepancy could be due to many factors, one being a potential 
difference in concrete densities used. The concrete scatter fractions of Martin et al were 
measured off concrete walls, hence the density of concrete used was unable to be measured. 
The density of concrete used within this work was measured to be 2.39 g/cm3 ± 2% which is 
extremely close to the ideal density of concrete used in Hospitals throughout Australia (2.35 
g/cm3).  
Another explanation for the discrepancy between the results obtained in this work with those 
of Martin et al is a difference between the X-ray spectra used when determining the values 
for CSAK/DAP. As previously mentioned, Martin et al used unfiltered X-ray beams when 
measuring the CSAK/DAP at varying angles of emergence. This would imply that any values 
from Martin et al used for the estimation of tertiary radiation contributions for an 85 kVp 
primary X-ray beam incident on a patient, would be derived in Martin et al using an 85 kVp 
primary X-ray beam with no filtration incident on the concrete. A comparison of an unfiltered 
85 kVp primary X-ray beam with the four X-ray beams used to measure the CSAK/DAP in 
this work (the four primary X-ray beams from Table 6.1) is shown in Figure 6.10. 
Concrete 
Incident Angle 
(o)
20o Patient 
Scattered X-rays
30o Patient 
Scattered X-rays
40o Patient 
Scattered X-rays
70o Patient 
Scattered X-rays
50 0.72 0.75 0.83 0.89
60 0.77 0.80 0.88 0.94
70 0.77 0.79 0.88 0.95
80 0.74 0.76 0.84 0.91
90 0.70 0.71 0.80 0.86
100 0.64 0.66 0.73 0.79
110 0.59 0.61 0.66 0.72
120 0.53 0.54 0.59 0.64
85 kVp CSAK/DAP from Martin et al (0.014mGy/mGy.m2) : CSAK/DAP 
from this work
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Figure 6.10 - Comparison of an 85 kVp primary X-ray beam with no additional 
copper filtration to the four primary X-ray beams used in this work to measure the 
CSAK/DAP. 
Figure 6.10 shows that three of the four primary X-ray beams for which the CSAK/DAP was 
measured in this work have effective energies higher than that of the unfiltered 85 kVp beam 
used in Martin et al. The only X-ray beam that has a lower effective energy than that used by 
Martin et al was the 77 kVp, 4.3 mm aluminium filtered beam used to replicate the scatter 
emerging from a patient at a scattering angle of 70o. The larger effective energies of the X-
ray beams incident on the concrete within this work translate to larger values of CSAK/DAP, 
a trend well illustrated by Figure 6.6. 
Except for a few select points, the results contained within the work of Martin et al do not 
easily allow for a direct comparison with those obtained in this work. The derived scatter 
factors for a 120 kVp X-ray beam incident perpendicularly on concrete at angles of 
emergence of 30o, 45o and 60o are stated within Martin et al. It would be expected that the 
CSAK/DAP values for a 120 kVp primary X-ray beam with no filtration would be 
significantly larger than for those of the four primary X-ray beams used in this work to 
represent the X-rays scattered from a patient at four different angles. A comparison of the 
CSAK/DAP values for a 120 kVp primary X-ray beam reported in Martin et al to those 
measured for the four primary X-ray beams of Table 6.1 is shown in Table 6.7. The values in 
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Table 6.7 are for an X-ray beam directed perpendicularly at concrete and the CSAK/DAP 
evaluated at the given concrete scatter angle.  
 
Table 6.7 - Comparison of CSAK/DAP values from Martin et al (120 kVp) with 
those measured in this work using the four primary X-ray beams from Table 6.1. The 
X-rays were incident on the concrete at an angle of 90o. 
Table 6.7 illustrates that the values of CSAK/DAP obtained by Martin et al using a 120 kVp 
primary X-ray beam are in better agreement than those for 85 kVp as shown in Table 6.6. 
This further demonstrates the dramatic difference between the CSAK/DAP measured in this 
work and those reported in Martin et al for a given X-ray kVp incident on concrete. Tables 
6.6 and 6.7 show that if using the results of Martin et al, the values for CSAK/DAP for the 
incident 120 kVp primary X-ray beam are more closely matched to those relevant to a typical 
clinical situation where the X-rays incident on the concrete ceiling are the result of an 85 kVp 
primary X-ray beam with 0.6 mm of additional copper filtration being scattered by a patient.  
6.4 Discussion and Conclusion 
 
The concrete-scattered air kerma per unit DAP (CSAK/DAP) was evaluated for four input X-
ray spectra (corresponding to X-rays being scattered by a patient through four different 
angles) and varying incident and measurement angles. It was discovered that the angle that 
X-rays are incident onto concrete influences the CSAK/DAP for a given scattering angle and 
hence cannot be ignored. The investigation also determined that the CSAK/DAP was larger 
for incident X-rays of higher effective energy. An empirical equation was developed that can 
accurately estimate the CSAK/DAP when X-rays being scattered from a patient under typical 
clinical conditions are incident on concrete. The robustness of the empirical equation was 
verified when measured and predicted data were directly compared with excellent results. 
The average discrepancy between measured data and that predicted by the empirical equation 
was calculated to be 1%, with a maximum discrepancy of 9% existing for a single point. 
Concrete 
Scatter Angle 
(
o
)
Martin et al 
Value 
(mGy/mGy.m
2
)
20o Patient 
Scattered X-rays
30o Patient 
Scattered X-rays
40o Patient 
Scattered X-rays
70o Patient 
Scattered X-rays
120 0.014 0.84 0.90 0.97 1.06
135 0.020 0.91 0.94 1.03 1.12
150 0.025 0.90 0.96 1.04 1.16
120 kVp CSAK/DAP from Martin et al : CSAK/DAP from this work
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This work utilised four primary X-ray beams corresponding to X-rays scattered from a 
patient at four varying angles to evaluate the CSAK/DAP. Using primary beam X-rays that 
are well representative of the actual X-rays scattered by a patient within a clinical 
interventional suite to evaluate the CSAK/DAP, builds upon the work of Martin et al who 
used a single X-ray spectrum to represent all patient-scattered X-rays. The CSAK/DAP was 
evaluated when X-rays representing those scattered from a patient at 20o, 30o, 40o and 70o 
were incident on a concrete block. It was shown that the CSAK/DAP was directly related to 
the effective energy of the incident X-ray beam such that incident X-rays of a higher effective 
energy result in a larger value of CSAK/DAP. This implies that a larger amount of the 
radiation scattered from a patient at acute angles will scatter off a concrete ceiling. It was also 
demonstrated that the X-rays incident on the concrete in the work of Martin et al had an 
effective energy less than those actually scattered from a patient under typical clinical 
conditions. The evaluation of CSAK/DAP using softer input X-ray beams ultimately leads to 
an underestimate of the tertiary radiation incident on staff when the model of Martin et al is 
adopted. The legitimacy of assuming that X-rays are always incident on a concrete ceiling at 
an angle of 45o, as was assumed in Martin et al, was also investigated. It was discovered that 
the angle that X-rays are incident onto a concrete surface influences the CSAK/DAP for a 
given scattering angle and hence cannot be ignored.  
Overall, the values contained within Martin et al have been shown to provide estimates of the 
CSAK/DAP (and subsequently the tertiary radiation contribution to staff if being used for 
that purpose) that are significantly less than those measured within this work. A more 
accurate estimation of the CSAK/DAP for typical clinical conditions using results from 
Martin et al would be achieved using values stated for an X-ray beam incident on the 
concrete of 120 kVp.  
The clinical implications of this work are significant when being utilised for tertiary radiation 
contribution estimations. To the best of the author’s knowledge, the existing literature 
pertaining to the estimation of concrete-scattered air kerma within an interventional radiology 
suite lies solely with the paper by Martin et al. It was successfully demonstrated in this 
current thesis that assumptions used when designing the experimental setup within Martin et 
al led to estimations of CSAK/DAP that are significantly less than those measured within a 
typical clinical environment. This would have implications if the model of Martin et al was 
being utilised to calculate the radiation shielding requirements of an interventional radiology 
suite. Using the model of Martin et al in this way has the potential to underestimate the 
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shielding requirements, which could subsequently lead to higher occupational exposures to 
staff external to the room. 
Future work in this field would benefit from the evaluation of the CSAK/DAP for X-rays 
with a wider range of effective energies. The evaluation of CSAK/DAP within this work has 
been purely based on a typical beam of 85 kVp and 0.6 mm of copper filtration being incident 
on a patient. Such an X-ray beam would not be typically used for paediatric or bariatric cases. 
In these instances, the effective energy of the radiation scattering from the patient would be 
significantly lower and higher for the paediatric and bariatric cases respectively. Another 
factor not investigated within this work (or that of Martin et al) is the effect that the 
incorporation of a false ceiling will have on the estimated concrete scattered air kerma 
reaching room occupants. Most, if not all interventional radiology suites will have some form 
of false ceiling, most likely made of gypsum or similar density material. Accounting for the 
presence of such attenuating material was shown to have a modest reduction in the concrete 
ceiling scattered air kerma reaching occupants in/around CT suites 14. Not accounting for the 
attenuation afforded by false ceiling materials results in the empirical equations developed 
within this section representing a conservative estimate of the concrete scattered air kerma 
reaching occupants. Quantifying the effect that a false ceiling has on the concrete scattered 
air kerma reaching occupants would be a beneficial body of work to be considered in the 
future. 
In Summary, an empirical equation was developed that can accurately estimate the 
CSAK/DAP when X-rays being scattered from a patient under typical clinical conditions are 
incident on concrete. The results obtained within this work were shown to produce values 
significantly higher than the existing model proposed by Martin et al. This has significant 
implications if the tertiary radiation contributions to staff both internal or external to an 
interventional radiology suite were being assessed.  
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Appendix A 
 
A.1 Primary Beam X-ray Spectra 
 
 
Figure A.1 - Comparison of measured X-ray spectrum with SpekCalc predicted data 
for an 85 kVp primary X-ray beam with 0.3 mm of additional copper filtration. 
 
 
Figure A.2 - Comparison of measured X-ray spectrum with SpekCalc predicted data 
for an 85 kVp primary X-ray beam with 0.6 mm of additional copper filtration. 
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Figure A.3 - Comparison of measured X-ray spectrum with SpekCalc predicted data 
for an 85 kVp primary X-ray beam with 0.9 mm of additional copper filtration. 
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A.2 Phantom-Scattered X-ray Spectra 
 
 
 
 
Figure A.4 – Phantom-scattered X-ray spectra at varying scattering angles for an 85 
kVp primary X-ray beam with no additional copper filtration. 
 
 
Figure A.5 – Phantom-scattered X-ray spectra at varying scattering angles for an 85 
kVp primary X-ray beam with no additional copper filtration. 
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Figure A.6 – Phantom-scattered X-ray spectra at 20o and 160o scattering angles for 
an 85 kVp primary X-ray beam with no additional copper filtration. 
 
Figure A.7 - Effect of scattering angle on Phantom-Scattered X-ray spectra effective 
energy (keV) for an incident primary X-ray beam of 85 kVp with no additional 
copper filtration. 
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Figure A.8 – Phantom-scattered X-ray spectra at varying scattering angles for an 85 
kVp primary X-ray beam with 0.3 mm additional copper filtration. 
 
 
 
Figure A.9 – Phantom-scattered X-ray spectra at varying scattering angles for an 85 
kVp primary X-ray beam with 0.3 mm additional copper filtration. 
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Figure A.10 – Phantom-scattered X-ray spectra at scattering angles of 20o and 160o 
for an 85 kVp primary X-ray beam with 0.3 mm additional copper filtration. 
 
 
 
 
Figure A.11 - Effect of scattering angle on phantom-scattered X-ray spectra effective 
energy (keV) for an incident primary X-ray beam of 85 kVp with 0.3 mm additional 
copper filtration. 
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Figure A.12 – X-ray spectra comparison of an 85 kVp, 6.3 Al primary X-ray beam to 
30o phantom-scattered X-rays. 
 
 
 
Figure A.13 – X-ray spectra comparison of a 77 kVp, 0.1 Cu, 2.3 Al primary X-ray 
beam to 60o phantom-scattered X-rays. 
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A.3 Concrete-Scattered X-ray Spectra 
 
 
 
Figure A.14 – Comparison of a 70 kVp primary X-ray beam with no additional 
copper filtration with the measured X-ray spectrum-scattered through 140O from a 
concrete block. 
 
Figure A.15 – Comparison of a 70 kVp primary X-ray beam with 0.6 mm of 
additional copper filtration with the measured X-ray spectrum-scattered through 
140O from a concrete block. 
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Figure A.16 – Comparison of a 80 kVp primary X-ray beam with no additional 
copper filtration with the measured X-ray spectrum-scattered through 140O from a 
concrete block. 
 
 
 
Figure A.17 – Comparison of a 80 kVp primary X-ray beam with 0.6 mm of 
additional copper filtration with the measured X-ray spectrum-scattered through 
140O from a concrete block. 
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Figure A.18 - The concrete-scattered X-ray spectra at various scattering angles from 
an 85 kVp, 0.1 mm Cu and 4.3 mm Al filtered primary X-ray beam incident at 50o on 
a concrete block 
 
 
Figure A.19 - The concrete-scattered X-ray spectra at various scattering angles from 
an 85 kVp, 0.1 mm Cu and 4.3 mm Al filtered primary X-ray beam incident at 60o on 
a concrete block 
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Figure A.20 - The concrete-scattered X-ray spectra at various scattering angles from 
an 85 kVp, 0.1 mm Cu and 4.3 mm Al filtered primary X-ray beam incident at 70o on 
a concrete block 
 
 
Figure A.21 - The concrete-scattered X-ray spectra at various scattering angles from 
an 85 kVp, 0.1 mm Cu and 4.3 mm Al filtered primary X-ray beam incident at 80o on 
a concrete block 
 
